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Abstract 
The main objective of this thesis was to develop a method of genera.ting sheet 
metal flat pattern layouts, including bend allowances, with as little as possible user input. 
Traditionally, a designer would sketch a flat pattern and manually calculate the bend 
allowances. With the use of CAD/CAM, this manual process of unbending and 
redimensioning can be handled more effectively. Although several CAD/CAM software 
packages include sheet metal flat pattern layout capabilities, they still require extensive 
user input. These packages are centered on a wiref rame data base structure. In order to 
limit the required user input, a boundary representative solid model data base was used. 
The topology stored in this data base provides all the information necessary for an 
automatic flat pattern layout. Unlike flat pattern programs based on a wireframe data 
base, this data base approach recalls all the geometry connected to a planar sheet, 
including holes and slots. The software developed automatically selects bends and 
calculates the angle of the bend. Bend allowance .and flat pattern layout can be 
automatically completed without user input. Output files can then be read back into a 
manufacturing software for numerically controlled machining. 
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Advanced Sheet Metal Flat Pattern Layout I Introduction 
CHAPTER 1 Introduction 
A large portion of parts produced by the manufacturing industry use sheet metal. 
. ' Extremely complicated structures can be formed from sheet metal for a :·:~!Jtively lo\v 
cost. Other produced parts such as injection molded plastic parts and cast metal parts 
must be manufactured in large batch sizes before they become economical. 
Nearly all industries use sheet metal. Commonly, most manufacturers use sheet 
metal to a great extent. When properly designed, sheet metal parts have as much 
strength and versatility as molded or cast parts but at a much lower cost, especially when 
produced in small lot sizes. 
I 
( 
I 
The electronics industry packages most of their products in sheet ietal enclosures. 
• I 
I/ 
The sheet metal can be designed to be functional, aesthetic and strong. Production of 
similar in function injection molded plastic parts requires much larger quantities for cost 
effectiveness, due. to the cost of designing and producing the required molds and dies. 
Most molds and dies require a large amount of time and money to design and machine. 
If these parts are produced in high volume, then the cost of the design and machining 
can be distributed over the large quantity of parts produced. 
The typical life of an electronics industry part is in the range of 5-10 years. The 
technology used in the packaged product is outdated that quickly. Therefore, the 
enclosures do not need to have a long service life such as those achieved using die cast 
metal enclosures. Die cast metal parts also require expensive molds to produce parts. 
1 
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In the aircraft industry nearly all structural parts are constructed from sheet metal. 
In this industry most parts are produced in small lot sizes. Tl1ey, like the electronics 
industry, experience many technology changes that require new product:·). The new 
products replace other products and their sheet metal parts after a limited run. 
Although the relatively low cost of sheet metal parts compared to plastic injection 
molded parts, cast metal parts, and many other types of produced parts already makes 
the material an attractive alternative, the cost of these sheet metal parts could be 
reduced by the aid of a design tool. This tool could be used to unfold and layout sheet 
metal geometries while calculating the bend allowance. 
The tool required . IS Computer-Aided Design and Manufacturing. Many 
CAD/CAM packages are available on the market today. Several even have some sheet 
metal capabilities. A complete sheet metal design tool requires several important 
features. One necessary feature for designing sheet metal parts is to have the ability to 
represent the parts in three dimensional space. From these three dimensional parts 
comes the faculty to create assemblies to test the integrity of the overall design and to 
see whether the parts fit together as intended. Therefore, CAD/CAM prevents the need 
for the production of several costly prototypes. 
Another needed feature is a tool to calculate the bend allowances and flat pattern 
la you ts associated with the three dimensional geometry. Traditionally, a designer would 
sketch the flat pattern and hand calculate each bend allowance. Then, he/she must 
relocate each feature of the sheet metal part according to the bend allowance. Every 
l1ole, slot, tab, and so on must be repositioned on the flat pattern. This process is 
calculation intensive and tedious. It is a perfect task for a computer. 
2 
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Nesting and NC programming are other tools already available for sheet metal 
parts. Nesting allows flat patterns to be arranged to make maximum use of a certain 
stock size. Both automatic and manual methods of computer aided r~csting exist . 
.. . 
Another Computer-Aided Manufacturing tool is the programming of Numerically 
Controlled punch press machines. 
From this wealth of current manufacturing software, a software tool is required to 
improve the design stage and to take advantage of the topological relationships that exist 
in a solid model type data base. 
1.1 Problem Statement 
With the aid of computer graphics and the use of CAD/CAM software, the 
relatively time consuming, wasteful, and expensive traditional process of unbending 
and redimensioning sheet metal can be handled with greater efficiency and 
reliability. Several different approaches to unbending sheet metal parts using 
Computer-Aided Design have been explored. The problem was to determine a 
method that would permit automatic selection of bends and associated geometry. The 
' 
method chosen for research and development for this thesis incorporates a solid 
model data base. 
The intent of the program is not only to provide a manufacturing tool, but also 
a design tool. What is meant by a manufacturing tool is the capability to generate 
the flat pattern layout and to interface to a nesting and to a NC programming 
package. In order for the package to. be a design tool it needs to be an efficient, 
.. 
quick and versatile method of modeling sheet metal parts. The software developed 
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must allow design ambiguities. In other words, the user can construct a part that 
could be unf aided in more than one method by specifying different bend locations. 
For development and original designs the package must automate the design process 
:. ' 
as much as possible without incurring extensive computation time. A way to 
automate is to make the program automatically unfold as much of the geometry as . 
can be accomplished with minimum user input. Thus, the program should have the 
ability to proceed automatically after a user decides on a seam or bend location. 
1.2 Approach to Problem 
Rather than use a conventional wiref rame data base, the approach chosen was 
to incorporate a solid model type data base. The solid model data base picked for 
the development was the boundary representative (B-rep) data base utilized by 
Lehigh University's Polygon.LU program.1 This type of data base contains a 
topology of the geometric entities contained within the geometric model itself. The 
data base includes all the information necessary to make an automatic sheet metal flat 
pattern layout. 
The final objective of this sheet metal flat pattern layout development work is 
to have the end package available as a module of the Polygon.LU program. 
However, for development purposes the software created is separate from the 
Polygon.LU package, but very integrated in the areas of user interaction and overall 
operation. The approach is to use Polygon.LU to generate a B-rep data base file that 
the sheet metal program will read as input. 
-------------------
1 "Polygon Package Manual,lt ... Ozsoy, T., Nagy, M., Rosenberry, S., and Smith, R. 
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The solid model data base has surface information in addition to lines and other 
curves. The edges and surfaces have a connectivity. This relationship provides the 
information needed to determine the association of geometry to each f 1) rtion of the 
part between or attached to bends, and the location and angle of bends. 
Unlike flat pattern software based on a wireframe data base, this program 
based on a solid model data base recalls all the connected geometry to a planar sheet 
when that sheet is selected. In comparison, Unigraphics' flat pattern layout software, 
' requires the selection of all the geometry that must be translated when a bend is 
farmed. This selection process can be time consuming and also error provoking. 
In a solid model of a part that does not represent bend radii between two 
sheets, an edge shared by two separate sheets or planar polygons can be assigned the 
properties of a potential bend or seam. If one of the associated sheets has no other 
shared edges the shared edge is a bend edge rather than a seam. 
To summarize, the approach taken to the flat pattern layout and the design of 
sheet metal parts incorporates the boundary represented data base structure and the 
user interaction techniques utilized by the Polygon.LU program. 
1.3 Definitions 
The fallowing is a list of terminology and definitions used throughout this 
thesis. 
FLANGE U nigraphics name for a planar section of a sheet metal 
part attached to a bend. 
5 
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BEND Unigraphics name for a cylindrical section of a sheet 
metal part between two flanges. 
POLYGON Polygon.LU term for a surface defined by a series of 
edges. 
, 
EDGE Polygon.LU name for a line, arc, conic, etc. that defines 
the boundarv of a surf ace. 
"' 
SHEET Advanced Sheet Metal Flat Pattern Layout term for the 
equivalent polygon in Polygon.LU. 
SHEET EDGE Advanced Sheet Metal Flat Pattern Layout term for the 
nearly equivalent edge in Polygon.LU. 
SEAM/WELD EDGE Advanced Sheet Metal Flat Pattern Layout term for a 
sheet edge that has been identified as a seam or a weld. 
BEND EDGE Advanced Sheet Metal Flat Pattern Layout term for a 
sheet edge that has been identified as a bend line. 
POSSIBLE BEND Advanced Sheet Metal Flat Pattern Layout term for a 
sheet edge that has the possibility of becoming a bend 
edge. 
ST ART SHEET Advanced Sheet Metal Flat Pattern Layout term for 
a sheet that can be unfolded. 
1.4 Thesis Organization 
This thesis completely covers the research and development of the Advanced 
Sheet Metal Flat Pattern Layout program. It clearly describes the result of the 
research, the program, and any assumptions made. It also contains examples of the 
program's capabilities and short comings. 
Chapter 2 of the thesis covers the background information needed to 
understand the subject of the thesis. The focus of the necessary research was to 
become familiar with the type of materials commonly used for sheet metal parts and 
6 
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the processes used to form these parts. The thesis then discusses some of the 
currentlv available software which attempts to provide a sheet metal flat pattern 
design tool. 
Chapter 3 contains a description of the capabilities and requirements of the 
program that was developed as a design tool for sheet metal parts. Section 3.1 of 
. 
Chapter 3 describes most of the information a user would need to know to 
understand the functions of the program such as the program input file and the 
program's affiliation with Polygon.LU and Unigraphics. This section also presents 
the main options and user inputs of the program operation. 
Section 3.2 of Chapter 3 describes specifics about the operation and algorithms 
of the program. This part of the thesis discusses the adaptations of Lehigh 
University's Polygon.LU and Dbase.LU Fortran code. It presents an overview of the 
transformation information. In general all the details of the program's functions are 
discussed in this section. 
Chapter 4 contains a few examples of the program's capabilities. They include 
a fully automatic layout and a layout that requires user interaction to determine what 
layout to generate. 
Chapter 5 has a discussion of the effectiveness of the program and a description 
of some of the capabilities that the program should have in order to be a better and 
more complete design tool. 
7 
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In the Appendix of the thesis, several detailed documents are presented. They 
consist of a user manual, a description of the menu structure, a program flow chart, 
a listing of the subroutine calls and a listing of the common blocks used in the 
program. 
• 
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CHAPTER 2 Background 
Before creating a new approach to the design and manufacture of sheet n1etal 
parts, a literature and background search was performed. The first areJ ~;tudied \vas 
industry's usage of sheet metal parts. The next segment of search \Vas to explore the 
theory involved in bend allowance calculations. Finally, several existing sheet metal flat 
pattern software packages were reviewed in order to determine what has been done and 
how it was done. 
2.1 Sheet Metal Material Usage and Forming Methods 
The objective of this initial software development was to model the most 
commonly used sheet metal forming process. In order to determine this process and 
its existence as the predominant technique, a technical report written by the Air 
Force was referred to. A second source of information was Electro Space 
Fabricators, Inc., a large manufacturer of printed circuit card enclosures and other 
sheet metal parts. 
The Air Force conducted a study to determine what manufacturing processes 
and materials were used to produce sheet metal parts for the aerospace industry.2 
The main source of their data for this report was from the Boeing Commercial 
Airplane Company's sheet metal parts data base. The Air Force presented the results 
from Boeing to other aerospace companies ·for comparison and confirmation of the 
accuracy. 
-------------------
2 Computer Aided Manufacturing (CAM) Architecture - Task III, Sheet Metal Fabrication Technology, United 
States Air Force. 
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The Boeing Commercial Aircraft Company supplied a valuable sol!rce for a 
sheet metal parts data base. The Fabrication Division's sheet metal shops produce 
parts from three divisions and additionally accept the production responsibility for 
sheet metal parts from other Boeing operations such as Boeing Aerospace Company, 
the Boeing Vertol Company, and the Boeing Marine Systems. As a result, this 
division of Boeing has a varied product mix which includes several commercial and 
military aircraft parts also rapid transit vehicle, hydrofoil, helicopter, and missile 
sheet metal parts. In addition to the diversity of parts produced, a parts 
classification and coding system employed by the company assisted data collection. 
Overall, more than a million sheet metal parts were included in the Air Force study. 
Additionally, the results of this study, when compared with the other aerospace 
companies' sheet metal parts data bases, proved to be both supportive and accurate. 
The first significant discovery was that the majority of the parts were produced 
from one material. More than 80 percent of the aerospace industry's material usage 
was aluminum.3 The next most used material was stainless steel followed by carbon 
steel. The Electro Space Fabricators indicated that the majority of their material 
usage was also aluminum, however, not as high of a percentage nor for the same 
reason as the aerospace industry. 
The principal reason the aerospace industry uses aluminum is weight. An 
aircraft must be fabricated as light as possible, and the strength to weight ratio of 
aluminum is higher than for steel. Although the electronics mechanical packaging 
---------------------
3 Computer Aided Manufacturing (CAM) Architecture - Task III, Sheet Metal Fabrication Technology, United States Air Force, p. 8. 
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industry has weight considerations, their main reason for choosing alumi_num over 
steel is that steel requires plating, painting or some other supplementary corrosion 
prevention. All these operations add unwanted cost. 
The second important discovery from the Air Force study was that the most 
used farming process other than shearing and piercing was brakef orming.4 Shearing 
and piercing are important sheet metal processing techniques, but they are done for 
tl1e most part to a flat sheet. This study concentrates on th .. e laying out of sheet 
metal parts into a flat sheet. Therefore, shearing and piercing are important to the 
intended result of this research, the flat pattern layout, but not to the development of 
the flat pattern. However, the mention that the flat sheet developed can be used for 
programming CNC shearing machines like a Wiedematic Optishear or computerized 
piercing machines such as high speed, multi-station Wiedematic which numerically 
controls punching operations is pertinent.5 
Not only is brakeforming the most commonly used sheet metal forming process 
other than shearing and piercing, but also the simplest since it is limited to straight 
line bending operations. The main reasons for its popularity in the aerospace, 
" 
electronics and other industries are that most parts produced are designed to be 
fabricated by simple straight line bending, and that production lot sizes are not large 
enough to warrant the manufacture of special tooling that would be required of other 
forming processes. In fact, the Air Force study found that 90 percent of the parts 
surveyed were produced in lot sizes less than 160. 6 The brakef arming process does 
-------------------
4 Computer Aided Manufacturing (CAM) Architecture - Task III, Sheet Metal Fabrication Technology, United States Air Force, p. 15. 
5 Quality & Precision, Electro-Space Fabricators, Inc. 
., 
G Computer Aided Manufacturing (CAM) Architecture - Task III, Sheet Metal Fabrication Technology, United States Air Force, p. 10. 
,. 
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not require special tooling, but rather a seiection of standard tools which create 
various bends. Facilities such as those at Electro Space Fabricators have large 
in ven tori es of these standard tools. 
Brakef arming requires the use of a machine called a press brake. A press 
brake is a mechanical or hydraulic press which has a long narrow ram and bed that 
accommodate the punch and die. The punch and die such as illustrated in Figure 2.1 
are the standard tools used to make straight line bends. The inside radius of the 
bend is determined by the radius of the punch. The angle of the bend is determined 
by the distance the punch is pushed down into the die. A valuable feature of many 
new brakes is an "Autogauge". This attachment provides digital dialing of bend 
dimensions with extreme accuracy. It also reduces the number of setups required 
since after the initial setup the stops advance and retract automatically. Each piece 
need be handled only once by the operator while the piece is bent several times. 
Figure 2.1. Pu,zch a,zd Die Tools Used i1z a Brake 
12 · 
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Other sheet metal forming processes besides brakeforming include~ ir:i order of 
most used to least; hydroforming both rubber pad and rubber diaphragm, n1echanical 
die forming, roll forming, stretch forming, hammer forming, joggling, impact rubber 
farming, spin forming, and hot farming. Sometimes joggling is preformed as a 
simple single brakeforming procedure with a tool specially designed to create a 
specific joggle or off set. 
The focus of the development described in this thesis is brakeforming. This is 
the most used process and the least complex to understand and to model. All the 
farming operations executed by a press brake result in linear bends. The only other 
required information is the deformation of the material in the bend. 
2.2 Bend Equations 
In a brake formed bend the sheet metal is plastically def armed. Therefore, 
bending changes the original dimensions of a sheet. In order to model these 
dimension alterations, an understanding of the geometry and the material involved 
are needed. The subsequent presentation relies on what is called the neutral axis 
theory. 
The geometry shown in Figure 2.2 is a representation of a sheet of metal with 
some thickness bent at an arbitrary angle. The center line shown represents the 
neutral axis of the bent sheet. The neutral axis is the cross section of a sheet of 
metal which is neither elongated nor compressed when the sheet is bent from the flat 
sheet. In other words, in the microscopic sense there is not any deformation to the 
material along the neutral axis. 
13 
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Neutral Axis 
-Radius 
-Thickness 
--------1 
Figure 2.2, E11d Vielv of a TJ,pical Bend Geometry 
The location of this neutral axis depends on the material hardness. A hard 
material will have a neutral axis which is farther from the inside surface than a soft 
.: .)A ,' 
material. This distance expressed in a ratio is ref erred to as the hardness. For 
example, cold rolled steel has a hardness of .44, or in other words, the neutral axis is 
located .44 times the thickness from the inside surface of the bend. Table 2.1 lists 
other examples of common material hardness. 
14 
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MATERIAL 
Soft Brass and Soft Copper 
Half-Hard Copper and Brass, Soft Steel, and 
Aluminum 
Bronze, Hard Copper, Cold-Rolled Steel and Spring 
Steel 
Table 2.1, Material Hard11ess 7 
HARDNESS 
0.35 
0.41 
0.44 
Knowing this information makes it possible to calculate the bend allowance for 
a bend. Bend allowance refers to the length of material actually consumed in the 
portion of the sheet- with· a radius. Because the neutral axis is not dimensionally 
affected by the bend, the arc length of the neutral axis is equivalent to the bend 
allowance. The fallowing is an equation which calculates the bend allowance. 
Although several sources of information presented the bend allowance equation in 
various formats, each one could easily be reduced to this form. 8 For example, the 
analysis of the Unigraphics Flat Pattern Design module reveled the same equation. 
BA = ( H x T + R) x A 
-------------------
7 ~1achinery 1s Handbook 1 22nd Edition 1 Oberg, E., Jones, F .D ., and Horton, H.L., pp. 1935-6. 
8 ~fachinery's IIandbook, 22nd Edition, Oberg, E., Jones, F.D., and Horton, H.L., p. 1935-6 and Technical 
Drawing, Giesecke, FE, Mitchell, A., Spencer, H.C., Hill, IL, Dygdon, and J.T., p. 339. 
15 
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BA - Bend Allowance 
H - Hardness 
T - Thickness 
R Radius 
A - Angle. 
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Take note that the thickness is the gage expressed in decimal form, that the 
radius in the equation is the inside radius of the bend, and that the angle is the angle 
through which the material has been bent in radians .. 
The bend allowance becomes more useful when it is related to the dimensions 
associated with the bend geometry. For example, a designer will typically dimension 
the outside dimensions of the bend geometry and not the location of the start of the 
radius of the bend. This latter dimension of the radius limit location, however, is 
needed to locate the bend line in the flat pattern layout of the sheet metal geometry. 
The bend line is located half the length of the bend allowance from this unknown 
location. 
16 
I 
. 
Advanced Sheet Metal Flat .Pattern Layout 
I 
I 
. 
.... 
-
l 
. -. -
' 
I 
\ I\ \ \ .. '\ 
~ ', • ~ 
.... I 
. 
,_ 
- - I 
..... 
...... 
' ' 
-
-
-
-
-
., 
. 
-
' I 
I 
Background 
Radius 
( R ) 
Hardness x Thickness (HT) 
kness (T) Thie 
. ' In. ner 
- Ne utral Axis 
I 0 • uter 
-
- Inner Length 
(LI ) 
- Neutral Axis Length 
(LNA) 
-
- Outer Length 
(LO) 
Figure 2.3, End Vie1v of Typically Given Bend Din1e,1sio,1s 
In Figure 2.3 three possible know dimensions are given, the outer, neutral axis 
and inner lengths. When designing a sheet metal part one of these three w·ould be 
the most likely know dimension for the part. A simple subtraction from any of these 
three lengths yields the location of the radius limit shown in Figure 2.4. 
-Bend Line 
--Radius Limit Lines 
Inner 
~---------~---+----- Neutra f /\x i s 
Outer 
Length to Bend Line 
f .. igure 2.4, E11d Jlielv of Flat Patter,1 Be,zd Geonzetry a,zd Dinze,zsio,zs 
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The next three equations use the notation from the figures to illustrate the 
calculation of the length to the bend line. The first equation is for \vhen the outer 
length is given, the second for the neutral axis, and the third for the inner. 
I 
L = LO - R - T + BA/2 
L = LNA - R - HT + BA/2 
L = LI - R + BA/2 
Other empirical bend allowance equations do not prescribe to the neutral axis 
theory. For example, a couple bend equations discussed in the 1\lachinery's 
Handbook are dependent on the technique used to form the bend and not on the 
material hardness or any other material property. These equations are for 
semi-square bends obtained generally while using a V-die and square bends formed 
by either drawing through a die or through rollers in a drawing bench. The sharper 
the corner formed the more the material elongates. The formula for the amount 
subtracted from the sum of the outside bend dimensions of a semi-square bend is the 
following. 
X = 1.67 x THICKNESS 9 
This next equation is for a square bend. 
X = 1.33 x THICKNESS 10 
-------------------9 Machinery's Handbook, 22nd Edition, Oberg, E., Jones, F .D ., and Horton, H.L., p. 1938. 
10 Machinery's Handbook, 22nd Edition, Oberg, E., Jones, F.D., and Horton, H.L., p. 1939. 
18 
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In the preceding two equations, X denotes the amount to be subtracted .. :ind 
THICKNESS is the decimal equivalent of the gage. Because these equations are not 
for brakeformed bends, no further discussion will be made. 
2.3 Existing Flat Pattern Programs 
Several software packages have attempted to model the sheet metal flat pattern 
layout. Most of the current wiref rame software incorporates some form of the 
neutral axis theory. This theory is especially useful when sheet metal parts are 
represented as three dimensional geometry with no thickness and with bends that are 
not represented with radii. 
Figure 2.5 is an example of the "no thickness and no radii" type of geometry 
representation. If the dimensions of one of these parts without thickness corresponds 
to the dimensions associated with the full three dimensional geometry with thickness 
and w_ith bends that have radii, then the bend allowance theory, applied to the "no 
thickness and no radii" part, can be used to calculate the flat pattern for the actual 
part with thickness. In this case the dimensions of the geometry without thickness 
directly reflect the actual outside, neutral axis or inside dimensions of a part with 
thickness and bends that have radii. Therefore, the "no thickness and no radii" 
geometry represents all of the actual geometry's dimensions. Furthermore, the 
analysis in the preceding Bend Allowance section will describe the influence of the 
bend allowance on the flat pattern layout dimensions of the actual part from the 
dimensions of the "no thickness and no radii" part. 
0 
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Figure 2.5, A11 Example of "No Thick11ess a,zd No Radii" Be11d Geon1etry 
2.3.1 Unigraphics II Version 4.0 11 
One prime example of a. software package which uses the neutral axis theory 
to calculate bend allowances is the Unigraphics Flat Pattern Layout. This 
software requires the part to have the properties of the "no thickness and no radii" 
part described above. Systems such as Unigraphics use an interactive graphics 
approach which requires the user to specify the planes and bend lines involved. 
The user must specify by selection each and every entity that must be 
transformed for each bend when the part is unfolded. Additionally, the user must 
-------------------
11 "Unigraphics Flat Pattern Design Module Operation Description," Unigraphics II, Release 4.0. 
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indicate the bend line and the two lines attached to each end of the bend line on 
both the transformed and stationary sheets involved in the bend. Obviously, this 
selection process takes a lot of time and provokes errors. 
The code developed for this thesis uses a similar approach to the allowance 
problem as does the Unigraphics package, but it also has advantages brought on 
by the use of a solid model type data base that make the package more automatic. 
Because the data base used contains topological information which correlates 
surfaces to edges and conversely, selection of a transf armed sheet automatically 
selects each and every edge involved. Hence, the package is more automatic and 
accurate. 
2.3.2 Unigraphics II Version 5.0, Feature Based l\Iodels 12 
The new release of Unigraphics includes a completely different sheet metal 
package. This new package still uses the neutral axis theory and parts with no 
thickness, but it now requires bends to be represented by two arcs. The new 
software has bend and flange entities specific to the manufacturing module that 
contains the sheet metal package. Although the layout of the flat pattern is 
automatic once all the bends and flanges are constructed, manual selection or 
generation of the entities that comprise the flanges is still necessary. 
This package contains many other limitations. One of which is that the only 
type of features allowed in a flange are circular or square holes or rectangular or 
rounded slots. In other words, if a design called for some special connector cut 
-------------------
12 "Unigraphics Flat Pattern Design Module Operation Description," Unigraphics II, Release 5.0. 
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out, the package could not handle it. Another limitation is that bends must have 
an arc at either end. A further discussion about this type of lin1itation is 
discussed in Section 5.3.2. The package requires that all bends connect to a flange 
before connecting to another bend. Therefore, many joggles cannot be modeled. 
The last mentioned limitation is that features cannot go through bends. 
Section 5.3.4. l discusses the possible capability of the Advanced Sheet Metal 
Flat Pattern software that would allow bends to be represented with radii. \Vith 
such an appended feature the program could behave similarly to both the versions 
of the Unigraphics' packages, but additionally operate nearly automatically. 
2.3.3 Other Flat Pattern Layout Prograrr1s 
Another method which employs the neutral axis theory incorporates a spatial 
analysis to determine the center of the thickness of the. sheet metal geometry to 
create a geometry with no thickness. This geometry is then treated as the neutral 
axis of the sheet. The method used to find the neutral axis, pairs together like 
entities such as arcs at each end of a bend. These arc pairs are then reduced to a 
single arc at each end at the assumed neutral axis position. This position is 
halfway between the two arcs at one end rather than a fraction based on the 
material hardness. The generation of the flat pattern does not require bend 
allowance calculations. It only calls for an algorithm which will unbend the arcs 
that denote bends. The most foreseeable problem with this method is that bends 
do not always have arcs at their ends. Ref er to the discussion and to Figure 5.1 
in Section 5.3.2. Another problem related to the complicated ends of bends, is 
that the original three dimensional geometry may be difficult to model. For 
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complete details of this approach refer to the article~ ''1-\utomation of Sheet I\1etal 
Design and Manufacturing," in the Proceedings of the 17th. .~nnual Design 
Automation Conference, IEEE. 13 
Another method used group technology as a design aid for sheet metal parts . 
. ~ library of parts were grouped together into families with similar traits or 
features. The utilization of these libraries could automate the design of 
comparable parts and perhaps the flat pattern layout since all the bend allowances 
would have been calculated previously for the similar part. The major drawbacks 
of group technology procedures are that someone must create the libraries and 
families and that the design of a part that would not fit into any existing families 
requires an alternative design. For more information refer to the article, 
"CAD/CAM System for Sheet Metal Structural Parts, Development and 
Implementation," in the Bulletin of the Japan Society of Precision Engineering. 14 
-------------------
13 "Automation of Sheet Metal Design and Manufacturing," Proceedings of the 17th. Annual Design Automation 
Conference, IEEE, Currier, D. W ., pp. 134-138. 
14 "CAD /CAM System for Sheet Metal Structural Parts, Development and Implementation," Bulletin of the 
Japan Society of Precision Engineering, Kurochi, N., Shimozono, M., Okada, M., Watanabe, T., and Okino, 
N., pp. 111-116. 
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Program Description 
The Advanced Sheet Metal Flat Pattern Layout program is a design and 
manufacturing tool for sheet metal parts. It produces flat patterns of rel:1c1vely simple 
representations of sheet metal parts via a solid model data base. The solid model data 
base structure used is the one that is used by the Polygon.LU package. Additionally, the 
user interface of the program parallels the Polygon.LU interface. In fact, the intent of 
the progran1 developed was for it to be an integrated module of Polygon.LU accessed 
directly through the Polygon.LU program. 
3.1 Capabilities and Requirements 
The basic function of the Advanced Sheet Metal Flat Pattern Layout program is 
to take the topological and geometric information contained in a B-rep type solid 
model data base and to interpret this information as a sheet metal part represented 
with no thickness or bend radii. The interpretation includes identifying bends 
automatically and recognizing whether a start sheet can be selected automatically or 
whether the selection requires a user decision as to where a bend or a seam is 
located. A start sheet is an area of a sheet metal part that is attached to a single 
bend line. Because of the single bend line and the topological data, this identified 
start sheet can be automatically unfolded. For some parts that do not require any 
user d,ecisions, the entire layout procedure is automatic. 
3.1.1 Input 
The code for the Advanced Sheet Metal Flat Pattern Layout program was 
based on and incorporated with Lehigh University's Computer-Aided Design 
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laboratory's boundary representative (8-rep) solid model program called 
Polygon.LU. Polygon.LU acts as an interface bet\veen wireframe geometric 
models such as those produced using Unigraphics II software fror~": McDonnell 
Douglass and a B-rep solid model. In addition to its own capabilities, including 
hidden line removal, simple shading, and property analysis, Polygon.LU can 
produce files for other marketed B-rep solid model programs such as IDEAS Solid 
Modeler and MOVIE BYU. It also generates International Graphics Exchange 
Standard (IGES) files that are supported by many other solid model CAD software 
packages. In order to transfer a model designed or constructed on a wiref rame 
system to a solid model without reentering all the data into the solid model 
system, a user could use Polygon.LU to do the translation nearly automatically. 
The package also has the faculty to create geometric entities, in a similar fashion 
to most wireframe CAD programs. Therefore, Polygon.LU could be used 
exclusively as an interface between a wireframe and B-rep solid modeler or as a 
stand alone solid modeler. 
For development purposes, the Advanced Sheet Metal Flat Pattern Layout 
software is currently not linked to Polygon.LU. Rather than modify the existing 
Polygon.LU program, a separate program was created. By doing a discrete 
program, long linking times and the risk of destroying the functions of the 
Polygon.LU program were avoided. The intent of the finished version of the 
sheet metal program is for it to be a module of Polygon.LU. Therefore, in the 
future the Polygon.LU code will have to be modified to accept all the changes 
necessary to incorporate the new sheet metal module. For now, the link between 
the two packages is a Polygon.LU generic file. As mentioned before, Polygon.LU 
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is capable of generating output files, one of which is this generic B-rep type solid 
model file needed as input by the Advanced Sheet Metal Flat Pattern Layout 
program. This ASCII file contains the 8-rep solid model topological relationship 
· .. 
of the geometric entities contained within the file. These relationships enable the 
automatic selection and laying out of sheet metal bends. 
Because of the various forms of input to Polygon.LU, a designer has several 
choices for the actual original design. A designer could use Unigraphics to design 
a wiref rame model of the simple "no thickness and no radii" representation 
described in Section 2.3, or he/sl1e could use Polygon.LU directly. Polygon.LU 
has many of the capabilities of most wireframe design packages. Of course, any 
other package that has the capacity of generating wireframe IGES-2 files, could 
be used for the initial design. Polygon.LU can use these IGES-2 files as input. 
For more information about Polygon.LU input files refer to the Polygon.LU 
package manual. 
Polygon.LU is a boundary representative (B-rep) solid modeler. Two types 
of solid modelers exist. A B-rep modeler is one type and a Constructive Solid 
, 
Geometry (CSG) is the other. In a B-rep modeler only the information that 
describes the boundary of the solid is stored. This boundary model consists of 
surfaces and edges which completely describe a solid object. Generally, this data 
is generated through the use of primitives and Boolean operations as in a CSG 
modeler. 
Constructive Solid Geometry uses primitives to describe a solid. Boxes, 
spheres, cones, and cylinders are some examples of possible primitives. Boolean 
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operators enable combinations of these primitives intO· solid model representations. 
Tl1e three possible Boolean operators are union, intersection and difference. \Vith 
the aid of the Boolean operators, the primitives can by combineci to represent 
nearly any solid. The CSG type solid modeler stores the primiti \·es and the 
Boolean operations that were used to create a model in a tree-like data base. 
From this information this modeler calculates the boundary of the solid for 
graphic display. Some hybrid solid modelers store data like CSG modelers but 
additionally store the current boundary representation of the solid like B-rep 
modelers. In all three modelers, the boundary of the solid is recalculated every 
time a Boolean operation is executed. For example, when a cylinder is subtracted 
from the current model in order to create a hole, the entire tree of primitives and 
their associated Boolean operators must be cycled to recalculate the boundary of 
the solid model while using CSG. 
An advantage that CSG has over B-rep is that a primitive in the Boolean 
operation tree can be changed, and that the result will be reflected in the 
completed solid model. For example, the cylindrical hole added above could be 
changed from a .50" diameter to a .375" diameter simply by updating the 
primitive and recalculating the boundary. The somewhat obvious disadvantage is 
that the calculation of the new boundary after each Boolean operation and 
primitive alteration requires a lot of time to compute. 
Polygon.LU utilizes a B-rep type solid model data base for several different 
reasons. For one, the B-rep solid model is much faster than the CSG or even 
hybrid modelers. The storage of the boundary information and no information 
about ho\v that boundary \vas created provides a much less calculation intensive 
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program and., therefore, a faster system. Probably the most important reason for 
using 8-r~p solid model structure is that while converting a wireframe model to a 
solid model, none of the constructive solid geometry is kno"vn. Tl1e only 
information known is the wireframe boundary of the model. No method is 
:.f" 
currently known to determine the constructive solid model tree from the 
wireframe model. Whereas, the surfaces required for the boundary representative 
solid modeler could be determined from the wiref rame model. 
Although it is not obvious at first, B-rep type solid model data bases exactly 
fit the needs of a sheet metal modeler. First of all, because B-rep solid modelers 
do not use primitives but rather surface boundaries, a sheet metal part can be 
represented by a single no thickness surface. If a CSG type solid modeler were 
used to represent sheet metal parts, the user would definitely need to model the 
thickness of the part. All primitives have a volume. Because sheets of metal 
have uniform thicknesses, the extra stored information for the sheet thickness is 
not necessary. Only in a B-rep type data base can the represented geometry have 
solid model topological information but not be a solid with volume. In essence, a 
sheet metal part can be represented by a virtual solid, which is a shell with an 
assumed thickness. 
As a result Polygon.LU provides an excellent data base structure for sheet 
metal design. The B-rep solid model data base contains all the information 
necessary to completely represent a sheet metal part and to make the flat pattern 
layout automatic. The Polygon.LU program provides the necessary interface 
between wiref rame modelers and the needed B-rep solid model data base. 
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The end result is that the only input to the Advanced Sheet Metal Flat 
Pattern Layout program is a Polygon.LU generic file. Therefore, in order to use 
the sheet metal program you must have access to the Polygon.LU pal.·: age. In the 
future the Polygon.LU program will have this sheet metal program ,1s a module. 
At which time the data base will not be transferred by means of a generic file but 
directly by a module change. 
3.1.2 lJser Interface 
Because of the proposed integration of this sheet metal software into the 
Polygon.LU package, the user interface directly parallels the Polygon.LU user 
interface. In fact, the program uses the same subroutines for user input as does 
Polygon.LU. Both of the programs are interactive and menu driven. 
The intent of the Polygon.LU interface was to duplicate Unigraphics'. The 
Polygon.LU package has two versions. The one version uses Unigraphics' User 
Function routines to produce the menus, function key assignments and graphics 
for a Unigraphics work station. The other uses a similar but separate set of 
routines written specifically for operation on a Tektronics 41 XX series terminal. 
Although Unigraphics User Functions could be used on a Tektronics terminal, the 
Lehigh University Computer-Aided Design Laboratory already had a set of 
graphics routines for the Tektronics graphic terminals. These routines are in a 
package called Graph3D. The use of these graphics routines plus a set of menu 
control functions requires much less time to link the program than the use of the 
Unigraphics' User Functions. In addition, the resultant executable code is much 
smaller for the Lehigh software than for the Unigraphics software. Therefore, 
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the use of these routines is better suited for development than the Ur?igraphics' 
routines because their use reduces the development time and the cost of producing 
new code. 
The routines written for the Tektronics graphic terminals, function identical 
to the Unigraphics routines. The only necessary change required to the Sheet 
Metal Flat Pattern Layout code for it to use the other routines, is to relink the 
object code to the different set of routines. Therefore, the software developed to 
run on Tektronics terminals could also run on a U nigraphics workstation if the 
code was relinked. 
Two important outcomes arise from the use of the Polygon.LU routines. The 
first is that the program can easily be converted to run on a U nigraphics 
workstation. The second is that it can easily be made into a module of the 
Polygon.LU package. 
'-..-/ On the Tektronics 41 XX series terminals the program functions similarly to 
a Unigraphics workstation. Although there is not a function keyboard on the 
Tektronics terminal, the normal keyboard acts as the function keyboard. When a 
menu selection is required, rather than using the Programmed Function Keyboard 
(PFK), the program uses the number keys across the top of the ordinary 
I 
keyboard. The user interface routines break up the Unigraphics' PFK into three 
areas. 
Tl1e first area is the main menu composed of the PFK options 1 through 14. 
Actually, the Tektronics version of the routines only has ten options available. 
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The software maps these PFK option selections to the top row of the regular 
keyboard. So instead of selecting the PFK button, the user selects the regular 
keyboard character. 
Just as in Unigraphics these options are in a dynamic tree-like structure. 
For instance, the selection of one option causes a new menu to replace the current 
menu. Each option in every menu branches to another menu or some specific 
operation. The menu options are dynamic. For example, the options are 
different for every level of the tree, but the key selections for the option number 
do not change. 
The next subdivision of the Unigraphics PFK consists of the menu control 
functions. These functions manage the menu tree. They consist of these options; 
Entry Complete, Terminate, Reject, and Alternate Action. Entry Complete 
accepts the displayed data in a data entry command. Terminate operation backs 
up the current sequence of menu options to a main branch location. Reject backs 
one step up the menu tree. Alternate Action provides auxiliary menus or 
operations. On the Unigraphics PFK, these functions are permanent buttons that 
are lighted when they are available. The Polygon.LU and Sheet Metal Flat 
Pattern Layout programs map these Unigraphics' PFK functions to the 
alphanumeric keyboard letters, E, T, R, and A respectively. At the bottom of the 
displayed menu is an indication of their availability. To see what this portion of 
the menu looks like, refer to Section 7 .2.2 in the Appendix. \Vhen the option is 
available the single letter representation will appear in the portion of the menu 
entitled MENU CONTROL. If none of these options are available the menu 
control portion of the menu is not displayed. 
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The last area of the PFK consists of global menu options. These ~re options 
which may be available at any time or place in the menu tree. In Unigraphics 
these options have their own permanent button assignments. The availability and 
selection of these options are identical to the menu control options. The three 
major options used and their alphanumeric keyboard assignments are File 
Terminate - F, Edit \Vork Vie,v - V, and Display Refresh - R. In the case of 
the first two of these options, their selection invokes another menu specific to the 
global menu option selected. This menu tree operates exactly the same as the 
main menu tree. The only difference is that when terminate operation is selected 
the menu control returns the main menu branch from which point the global 
menu option was selected. 
For example, if the user is two levels up the main menu tree and decides to 
change the view from an orthographic top view to an isometric view, he/she must 
simply select the Edit Work View key, V, and proceed through the appropriate 
menu options. When the view change is completed, the user terminates the 
operation, and the menu control returns to the previous main menu position, 
namely two levels up the tree. 
3.1.3 Global Parameters 
Up to this point this paper has described the usage of sheet metal, the 
theory of sheet metal unfolding, the required input file of the Sheet Metal Flat 
Pattern Layout software and the user interface of the program. The following 
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several sections describe the capabilities and user entries of the soft\vare 
developed. For a menu specific description of the use of the progran1. refer to 
Sections 7. I through 7 .2 in the Appendix. 
Following the first user entry of the name of the Polygon.LU generic file, 
the program displays a listing of the entities transferred to the sheet metal 
package. The program requires the user to acknowledge the transfers by typing 
an E for entry complete. 
The next input required is global parameter information. The global 
parameters are of several types. The first type is information required because of 
the representation of the geometry. Specifically, the geometry is represented 
without any thickness. Therefore, the user must input the thickness. 
The • • m1n1mum radius global parameter also fits into the category of 
information required for the geometry. The input geometry does not have bend 
radii represented. Therefore, this minimum radius parameter was included to 
minimize data entry. For example, the program identifies a location of a bend 
and requests the user to input the radius and angle of the bend. For both of 
these inputs a default value is presented. If the user simply selects entry complete 
J· ,· 
/ 
the program uses these settings. The default setting for the radius is the 
minimum radius specified as the global parameter. As a result, the amount of 
user input information decreases, and the program performs better. 
The second tJ'Pe of global parameter relates to the material properties. The 
bend allowance calculations are the reason for the need of the material properties. 
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As discussed earlier the calculation of the bend allowance depends on the location 
of the neutral axis. This location relies on the material hardness. Tl1erefore .. the 
global parameter called hardness is really the relative location of the neutral axis 
as compared to the thickness of the sheet. The reason it is called hardness is that 
the location is dependent on the material hardness. 
The minimum bend radius also depends on the material properties, but also 
the sheet thickness. Currently, the minimum radius is used primarily as a tool to 
speed up the data entry. Possibly in some future work, the minimum radius could 
be determined by empirical equations or table look ups. 
One of the main menu options is to reset the global parameters. A user can 
reset these parameters any time preceding the bend allowance calculatio11 which 
changes the geometry. In other words, once the bend allowance has been 
included into the flat pattern layout there is not a way to undo or recalculate the 
bend allowance with different global parameter settings. Note that a simple 
calculation of the bend allowance for a single bend or for all bends without the 
graphic update does not disable a change of the global parameters. Also note that 
a change of the minimum radius will only affect the creation of future bends and 
not existing bends. 
3.1.4 Unbending 
The primary function of the program and one of the main menu options is 
to unbend and to layout. As stated before the program has the capability to 
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layout the flat pattern of three dimension sheet metal parts represented by a 
B-rep solid model \Vith no thickness and no radius bends. Three modes of 
operation exist. They are manual, semi-automatic, and automatic. 
3.1.4. l l\1anual, Semi-automatic, and Automatic 
The manual mode of operation works comparably to the Unigraphics 
version 4.0 flat pattern software. The user must decide which section or, as 
the program developed for this thesis calls it, sheet, of the sheet metal part to 
unfold first. Because of the B-rep data base structure, the user needs to only 
identify the sheet by a selection of two lines. In the U nigraphics software 
every line, arc and other entity comprising the boundary must be selected 
individually. Both the outside boundary and the boundary of all holes must be 
selected. In the program developed for this thesis, the selection of a sheet 
which is represented as a bounded plane in the B-rep data base automatically 
retrieves all the information about the boundary of that sheet including the 
holes. 
In the U nigraphics package the program calls for the input of the bend 
line. The Advanced Sheet Metal Flat Pattern Layout program automatically 
determines the bend line if one exists. In addition, the U nigraphics package 
requires the user to select the edges attached to either end of the bend line on 
both the sheet selected to be unfolded and the stationary sheet attached to the 
bend. The U nigraphics program requires these extra edge selections to 
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determine the angle of the bend and the geometry modifications necessary for 
the bend allowance. All of which the 8-rep data base structured program 
does not require as added input. 
After all the selections have been completed the Unigraphics package 
requests, as the program developed for this thesis does after one sheet 
selection, the bend information. The information requested is the inside 
radius of the bend, the angle, and the type of bend geometry represented. In 
both of the packages, the programs calculate the angle of the bend and present 
it as a default value to the user. 
The Advanced Sheet Metal Flat Pattern Layout software can operate even 
more automatically than the description above if the user selects the 
semi-automatic mode of unbending. While using this mode of operation the 
user does not have to specify the sheets he/she desires to unfold. The 
program incorporates an automatic selection of the so called start sheets. 
Therefore, if these start sheets exist, the only required user input is entering 
the bend information described in the preceding paragraph. If no start sheets 
can be selected automatically, the program requests the selection of a start 
sheet just as if the manual mode of operation were chosen. 
·-.r,i 
A third mode of operation specifically designed to facilitate various 
quick layouts of a sheet metal part operates nearly automatically. Hence, the 
name of the option is automatic. The difference between semi-automatic and 
automatic modes is that the automatic procedure assumes that the bend 
information for the angle of the bend and the radius are correct. It also 
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assumes that the geometry represents the neutral axis of the part. Therefore. 
~ 
the user does not have to input any bend information, and a part that \viii not 
require a start sheet selection will automatically be unfolded witr.:>ut any user 
input. 
3.1.4.2 Find Bend 
The program has the capability to find a bend and to automatically 
unfold the geometry at the bend. Without the B-rep data base structure, this 
selection would require many steps. Once a sheet has been selected as a start 
sheet whether automatically or manually, the program checks the sheet for 
possible bends. If only one bend exists the program proceeds to unfold the 
sheet about this detected bend line. 
On the other hand, if the selected sheet has more than\one possible bend 
edge, several possibilities exist. The first is that the bend edge is composed of 
two or more colinear lines. In this case if all the possible bend edges detected 
are co linear, the program proceeds to unfold the sheet about this selected bend 
line. 
If the possible bend edges are not co linear, the second case involving 
user input exists. The user input consists of identifying the bend line or 
reselecting another start sheet. In order to identify the bend line one of two 
approaches may be taken. The first is to identify the bend line and assume 
that all other possible bend lines that are not colinear to the selected bend line 
are seams or welds. The other approach is to indicate the seams or welds and 
0 
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allow the program to select the bend line. Because of the topological 
information stored in the data base, a user cannot select an incorrect type of 
entity. For instance, the only selectable edges are the possible ber:d edges of 
the current sheet. 
' Either approach works in all situations. Sometimes one approach is more 
convenient than the other. For example, in the case of a duct transition piece 
between a rectangular and a square at an angle, the selection of the seam 
makes more sense than identifying the bend for the selected start sheet. Refer 
to Figure 3 .1. The designer has a better idea of the seam location than of the 
bend location. 
Figure 3.1, A Duct Tra11sitio11 Piece Betlvee11 a Recta11gle a11d a Square at a,z 
A11gle Illustrati11g a Seanz Edge Selection 
In the case of the sheet metal part shown in Figure 3.2, the specification 
of the bend prqvides. the solution with the fewest steps. If the person using 
the program decided to select the seams, he/she would have to pick two edges. 
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Conversely, if the person chose to select the bend, only one line would have to 
be selected. Because the program realizes that the bend is composed of two 
colinear lines, it automatically selects the other line. 
' L''),~,~~~~-SEAMS 
' 
' I"'' ' I ) 
I 
BEND--'--
....... ~ -' 
Figure 3.2, A,z e.x:ample of a Part Best Suited for a Selection of the Bend 
3.1.4.3 Automatic Start Sheet Selection 
The automatic modes of operation rely on start sheet selection. This 
capability is a result of the B-rep data base. What the selection does is to loop 
. 
through the sheets to find ones that can be unbent. These start sheets are 
sheets which have only one possible bend. In order to attempt to select the 
simplest geometry, the automatic selection routine will at first only pick sheets 
\vhich do not have any existing unfolded bends. These sheets, therefore, do 
not have any attached sheets that must also be translated along with the 
selected start sheet. 
After all start sheets without existing unfolded bends are selected, the 
program will continue by selecting start sheets that only have one attached 
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sheet. This procedure of incrementing the number of existing bends allowed, 
continues until the completion of the flat pattern or until there is need of a 
manual start sheet selection. A manual selection requirement exi'.) rs when none 
of the remaining sheets have a single bend line composed of a single, or a set 
of, colinear edges. In the case of a manual start sheet selection, the code 
resets the incremental number of allowed existing bends to zero. The laying 
out of this manually selected sheet may change the loop structure. 
3.1.4.4 Input of Bend Type 
For each bend found, using either the manual or semi-automatic mode of .. , 
' 
operation, the user must input the type of bend the geometry represented. Iin 
the automatic mode, it is assumed that the bend geometry represents the 
neutral axis of the bend. As discussed in the background, the geometry· may 
originally be representative of the outside, inside or neutral axis of the actual 
three dimensional geometry. The program cannot identify what the "no 
thickness and no radii" geometry represents. The ref ore, the program requests 
the user to identify the type of geometry each bend represents when each 
bend is selected. 
In addition to identifying the bend type, the user must also approve or 
input the angle and inside radius of the bend. While operating under the 
automatic mode the program accepts the calculated angle and the minimum 
radius as the inside radius of the bend. For the other two modes these default 
values may also be accepted by a simple Entry Complete or return. 
' 
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If the user enters any of the bend information incorrectly, he1she has the 
option to reset this data. This is true for all bend information exceot the bend 
angle which is stored in the topology of the model. For example, if the operator 
specifies that the bend geometry represents the inside dimensions of the actual 
geometry and later realizes that the "no thickness and no radii" geometry truly 
represents the outside of the actual part, he/she could use this main menu option 
to correct the bend information. Selection of another entry under this option 
allows modification to the inside radius of the bend. Sometimes the designer may 
decide to change this data to produce more or less, square bends. In the current 
version of the program, the operator cannot change the angle of an already 
unf aided bend. This option would have limited use, since generally, the 
calculated angle is the angle chosen as the bend angle. 
Bends can be modified any time after a bend has been unf aided and before 
a graphical update of the bend allowance has been calculated. Before a bend is 
unf aided, there are not any bends which have bend information to modify. After 
the flat pattern has been laid out and the database has been modified to include 
the bend allowance, the modification of a bend will not affect the layout. 
The ref ore, the program does not provide the option to modify bends after a bend 
allowance graphical update. This short coming can be overcome by redoing the 
model with new parameters. The automatic mode makes this approach acceptable. 
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3.1.6 Bend Allowance Evaluation 
The program provides three different approaches to calculating the bend 
allowance. Each approach uses the bend allowance equation discussed in the 
background information in Section 2.2 of this report. The first two approaches 
involve a simple calculation of the reduced length of each sheet attached to a 
bend. Neither of these two options change any geometry. They simply display 
the calculated value. The first one allows the user to select a single bend. The 
second calculates the reduced length value for all the existing bends. A user may 
execute either of these options any time after a bend has been unfolded. 
The third type of bend allowance calculation updates the geometry to reflect 
the reduced lengths of the sheets due to the bend allowance. This approach is 
only available after the program completes the flat pattern layout. Doing the 
., bend allowance calculation at the end of the layout, allows the user to change the 
bend information as described previously. 
It also allows the calculation to incorporate a thorough evaluation of any 
problems existent in the geometry. Although the program currently does. not 
analyze the flat pattern, such evaluations as bend relief requirements and relative 
hole positions compared to bends, could easily be added. 
3.1. 7 Orientation of the Flat Pattern in XY Plane 
Orienting the geometry in the XY plane is an option available after the 
program completes the flat pattern layout. With this option the user can easily 
reorient the geometry in the XY plane. Because the program does not require a 
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so called base entity, sometimes the program \viii unfold the bend geor.netry' into 
an arbitrary plane. This plane will be the plane of the only sheet \vhich the 
algorithm does not transf arm. 
The program provides this option for the purpose of orienting the geometry 
for NC programing and nesting packages. Although the output package of this 
program could complete this operation, the program can easily transform all the 
geometry into the XY plane with the only user input being a selection of the X 
axis direction. Rather than having to reorient the geometry externally, the 
program provides the capability. 
3.1.8 UGII Output 
Currently the program provides a method of outputting the geometry to a 
Unigraphics file. The file used as output could contain the original geometry that 
had been unfolded, or it could be any other file created in Unigraphics. The 
program provides the user the ability to create the output geometry on a user 
specified layer, thereby allowing the user to retrieve the original part from 
Unigraphics and to output the flat pattern layout of that part back to the same 
file on a different layer. Because of a limitation in the Unigraphics interface, an 
already existing part must be opened for the output. The Advanced Sheet Metal 
Flat Pattern Layout software cannot create a new U nigraphics part. 
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The s.oftware does provide the possibility to rename the exi;5ting part 
retrieved. Therefore, the program could open a file containing a dummy part that 
does not contain any g~ometry, and then rename the part and add the flat pattern 
' I 
geometry. 
Once the program is integrated into Polygon.LU as a module, it will have 
other outputs available such as IGES-2 wireframe. Because the Polygon.LU 
program already supports these other outputs and because these output 
mechanisms will not have to be modified to output the wiref rame geometry 
associated with the flat pattern, a special output mechanism for the separate sheet 
metal program was not produced. 
3 .2 Program Specifics 
The automatic flat pattern layout of sheet metal parts using the Advanced Sheet 
Metal Flat Pattern Layout software is possible because of the boundary representative 
solid model data base structure. The connectivity between edges and surfaces in a 
B-rep data base provides the information needed to determine the association of 
geometry to a sheet and the location and angle of bends. The B-rep data base has 
available all the information needed to recall the associated geometry to a planar 
sheet when that sheet is selected. In a solid model atmosphere an edge shared by two 
separate sheets or planar polygons has the properties of a bend or a seam. The data 
base additionally has the required information to determine if that edge is definitely 
a bend, and if the edge is a bend, to find the bend angle and the edges connected to 
that bend edge. 
44 
,, 
r\dvanced Sheet Metal Flat Pattern Layout Program Description 
'\ 
In order to understand how an 1\dvanced Sheet Metal Flat Pattern Layout 
software works, an understanding of how to create.. store.. and process all the 
information contained in the Polygon.LU B-rep solid model data base is required. 
3.2.1 Polygon.LU and Graph3D 15 
The Polygon.LU package provides all the necessary user interface routines. 
These include the routines for viewing geometry, for menu generation and for 
selecting entities. Several of the Polygon.LU routines, especially the viewing and 
selecting routines, required modification to allow for the new sheet edge entity 
that was added to the data base. The next section describes and provides a better 
understanding of the changes made to the data base for the inclusion of the new 
sheet edge entity. 
Some of these include the PICTUR routine which displays all the entities in 
the data base, the DRWPOL routine which draws a specified polygon, the 
DRWEDG routine which draws a specified edge, the ERAPOL routine which 
removes the display of a polygon., the PCKEDG routine which allows a cursor 
selection of an edge, and the PICKPOL routine which allows a cursor selection of 
a polygon. The replacement routines in order are the PICTUR routine which has 
the same name but now draws sheet edges instead of edges, the DRWSHT routine 
which draws the sheet edges of a sheet or polygon, the DRWSHE routine which 
draws a selected sheet edge, the ERASHT routine which rem.aves the display of a 
-------------------
15 "Polygon Package Manual," Ozsoy, T., Nagy, M., Rosenberry, S., and Smith, R. and "Graph3D.LU Graphics 
Package Reference Manual," Ozsoy, T., Bhalla, S., Summer, R., and Tress, D. 
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sheet, the PCKSHE routine which allows a cursor selection of a sheet .. edge, and 
the PICKSHT routine which aJIO'w'S a cursor selection of a sheet b)' means of 
selecting two lines. 
The program adopts a version of the RDGEN routine which reads in a 
Polygon.LU generic file. The Advanced Sheet Metal Flat Pattern Layout version 
reads in edges and adds sheet edges to the data base rather than edges. Presently 
this 1nethod of constructing the required data base by reading in a file, is the only 
way to run the program. For the program to become a module of the Polygon.LU 
program, a conversion between the two data bases will be necessary. For a more 
detailed look at each of the routines described above and all the routines used by 
this program, refer to the Appendix. 
The software package called Graph3D contains the actual graphics display 
routines for the Polygon.LU, the Advanced Sheet Metal Flat Pattern Layout and 
several other programs developed at Lehigh University. The package has the 
capability of displaying nearly all types of curves including lines, arcs, conics, and 
cubic splines. It also has a complete set of routines for setting up windows and 
viewing geometry. Currently Graph3D routines are for Tektronics 41 XX series 
graphic terminals. 
3.2.2 Dbase.LU 16 
The Polygon.LU package incorporates one of Lehigh's CAD software 
packages named Dbase.LU. This software is a ring structured geometric entity 
-------------------
16 "Dbase.LU Package, Reference Manual," Kivanc, L. and Ozsoy, T. 
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Program Description 
. . . geometric ent1t1es 
including points, lines, arcs, conics, splines, ruled surfaces, surfaces of revolution, 
bounded planes, and more. It additionally contains entities needed r·1Jr the B-rep 
solid model information. This data is in the form of entities called edges and 
polygons (hence the name of the soliq model package). 
\~ 
3.2.2.1 Structure 
All the information needed for each entity type is stored in what is 
called a bead. A bead is a block of the memory that contains two types of 
information. The first type is the data needed for the entity, such as a line 
requires that the two end points be stored. The second type of information is 
the pointers required for the data base management. 
As the name of the data base structure suggests, the beads are stored in 
rings or loops. One ring for each entity type. For example, each line bead 
has a pointer which indicates the next line bead which in turn points to the 
next line bead, and so on until the last line bead is reached. This last bead 
points to the beginning of the line bead loop. Thus, the beads form a ring in 
the data base. In Figure 3.3 each block represents a bead. The figure 
illustrates how each bead points to the successive bead in a ring-like manner. 
Although the figure does not illustrate it, to avoid ambiguity, the beads also 
point in the reverse direction to the preceding bead. 
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Figure 3.3. Ri11g Data Base Structure 
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In Figure 3.3 the first several entries in the data base form a single bead 
called the header. In this portion of the data base, the program stores all the 
forward and backward pointers to the other beads. \Yithout the header the 
data base manager would not know where the rings started. The locations of 
the pointers are fixed so that the data base manager can find the start of each 
loop. The program includes information about the length of each type of 
bead. For example, the number of entries required for a line bead differs 
from the number of entities for an arc bead. Thus, different bead types vary 
in length. In order for the program to retrieve all the data associated with a 
bead, it must know the start and end. The start is given by the pointer, and 
the end is found f ram the offset length. 
In addition to the type of beads mentioned above, the data base has free 
space beads. These beads contain the portions of the data. base that do not 
have data stored. These areas are used to store new entities. Generally the 
majority of the free space is at the end of the data base, but if entities are 
deleted, the space these entities had occupied is returned to the free space 
• 
ring. 
Dbase.LU handles data base manipulations involving the addition, 
deletion, modification and retrieval of geometric entities. Each time a line or 
some other entity is added or deleted from a ring, the structure of that ring 
must be changed. Notice that, in the preceding figure, a deleted line is 
returned to the free space ring. This bead or area is now available for an 
additional entity to fill this bead area. In order to be able to update the line 
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ring, the back pointers are necessary to link the bead preceding t~e deleted 
ring to the subsequent bead in the ring. \Vith only the forward pointers .. the 
data base manager could not successively accomplish this deletion process. 
Each of these beads have a specific format. They not only ha,,e various 
internal elements but also different bead lengths. For more detailed 
information on the contents of each of the entity type beads, ref er to the 
Dbase.LU Package Reference Manual pages 4 and·· 5. 
In order to store information pertinent to the sheet metal unbending 
procedure, an additional entity was added to the data base. When the 
Advanced Sheet Metal Flat Pattern Layout program retrieves a file, it 
substitutes the existing edge entities with the new application entity. Note 
that the edge bead is part of the Polygon.LU structure. An edge does not 
contain wireframe geometry but rather pointers to that geometry. In other 
words, an edge may be comprised of an arc, a line, or some other geometric 
entities which are stored elsewhere in the data base structure. The important 
feature of an edge is that it has solid model information in its bead. 
Specifically, the edge bead contains pointers to the two possible surfaces 
attached to the edge. 
The added, edge replacement entity, called a sheet edge, contains most of 
the information that an edge does with the addition of information specific to 
the Advanced Sheet Metal Flat Pattern Layout software. Table 3.1 contains 
the bead structures for an edge and for the new application specific sheet edge 
beads. 
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EDGE BEAD 
1vf i11in1um Le11gth 11 
NEXT POINTER 
BACKWARD POINTER 
LABEL 
PACKED DATA 
PICTURE SEGMENT NUMBER 
POINTER TO ENDPOINT 1 
POINTER TO ENDPOINT 2 
POINTER TO SURF ACE 1 
POINTER TO SURF ACE 2 
NUMBER OF SEGMENTS 
POINTERS TO SEGMENTS 
NUMBER OF ENTITIES 
SI-IEET EDGE BEAD 
Le,zgth 15 
NEXT POINTER 
Program Description 
• 
BACKWARD POINTER 
LABEL 
PACKED DATA 
PICTURE SEGMENT NUMBER 
POINTER TO ENDPOINT I 
POINTER TO ENDPOINT 2 
POINTER TO SURF ACE 1 
POINTER TO SURF ACE 2 
POINTER TO ENTITY 
BEND NUMBER 
GEOMETRY DIMENSION TYPE 
SEAM/BEND SHEET POINl~ER 
RADIUS OF BEND 
ANGLE OF BEND 
Table 3.1, Edge and Sheet Edge Beads 
A comparison of the two entity types shown in the preceding table 
reveals the differences between these two entity types. One difference is that 
the last three entries in the EDGE bead are not in the SHEET EDGE bead. 
These entities store information about edges which are made up of several 
curve segments. Although the current Polygon.LU package does not support 
~f (\ 
edges of this type, · future development may, especially with the addition of 
more complex surface types. Therefore, the data base does support this future 
structure for Polygon.LU, but not for the Advanced Sheet Metal Flat Pattern 
Layout software. 
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In order to simplify and to reduce development errors, the sheet metal 
program does not support the segmented edge structure. Another reason for 
choosing an alternative structure is that most sheet metal part~~ do not use 
, ' 
complicated surfaces with edges composed of segmented curves. Commonly, 
the only surface types are bounded planes and simple ruled surfaces. The 
edges of these surfaces are prevalently composed of single lines or arcs. 
Another reason is that for an edge to be a brakef ormed bend, it must be 
linear. For these reasons only a single pointer to the geometric entity that 
composes the edge was included. 
The last five entries in the SHEET EDGE bead include the additional 
sheet metal flat pattern information. While translating the EDGE beads into 
SHEET EDGE beads, the program initializes these five additional flat pattern 
entries as zero. The actual laying out of the flat pattern will automatically 
update these entries and will also depend on those updated values to proceed 
to finish the flat pattern and bend allowances. 
The first new entity, the BEND NUMBER, identifies whether an edge is 
a bend or not. If it is a bend, the number will correspond to the sequence of 
the creation of the bend. For instance, the first bend created will have the 
value of one. The second bend created will have a value of two and so on. If 
it is not a bend the number will have a zero value. Therefore, before any 
bends are created all sheet edges have BEND NUI\,1BERS equal to zero. 
The second new entity, the GEOMETRY DIMENSION TYPE indicates 
what the "no thickness and no radii" geometry represents. If the geometry 
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describes the inside of the actual bend geometry then this bead entry ,viii have 
a negative value. Similarly, if the geometry describes the outside of the actual 
bend geometry then the bead entry for the GEO~IETRY DI1\1ENSION TYPE 
has a positive value. Finally, if the "no thickness and no radii" geometry 
corresponds to the neutral axis then the entry is zero. 
The third new entity, SEAM/BEND SHEET POINTER has two 
applications. For one, if the edge is a seam or a weld, this pointer will signify 
the attached sheet to this seam edge when the geometry is laid out in the flat 
pattern. Although a seam has only one surface attached to it, both surface 
pointers will have values. One points to the attached sheet and the other 
points to the previously attached sheet. Therefore this SEA~1/BEND SHEET 
POINTER allows the data base to maintain the information required to know 
the sheet with which this edge becomes a seam or weld. 
The other application for this entry in the SHEET EDGE bead is for 
identifying the sheet attached to a bend that moves during unfolding and bend 
allowance calculations. If the BEND NUMBER entity has a value other than 
zero, the second application applies. Otherwise the first application applies. 
The fourth and fifth additional entries are respecti,,ely the radius and 
angle of the bend if the edge is a bend. These and all the additional entities 
receive tl1eir values through the program procedure. 
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3.2.2.2 Utilization 
The next important issue to address is how to use this data base 
information to produce automatic la)'Out of sheet metal. parts. The fallowing 
description corresponds to the program's operation when a user selects the 
semi-automatic procedure type. The only difference between manual 
operation and semi-automatic is that the program requires the user to manually 
select every sheet that he/she wishes to unfold. Therefore, this mode does not 
make full use of the program's capabilities produced by the utilization of a 
B-rep solid model data base. The automatic mode differs from the 
semi-automatic mode only by the fact that the program under automatic 
operation assumes the calculated bend angle, the minimum radius for inside 
radius, and a geometry that represents the neutral axis. It does not require 
user approval. 
I \ _,-) 
. . , 
r-
The goal of the program after the user picks the semi-automatic unbend 
operation, is to find a so-called start sheet. This is a sheet which can be 
unfolded without any user interaction other than the input of the bend 
information such as the inside radius and the type of geometry represented. 
The program requires a method to select sheets that will be tested as start 
sheets. The data base has an internal looping feature. What this procedure 
provides is a mechanism to loop through all the entities of one type stored in 
the data base. For example, the Advanced Sheet Metal Flat Pattern Layout 
software requires a looping of all polygons to find start sheets. The way the 
loop \VOrks is that, if in the call to retrieve a polygon, the IFLAG value is -1, 
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the routine retrieves the next polygon bead in the ring data base 3f ter the one 
specified. Therefore, if the nointer value is zero as it would be the first tin1e 
the routine is called, the routine retrieves the first bead. The next time the 
routine is called the pointer corresponds to the first bead. Thus, the routine 
retrieves the second polygon. For the last retrieved bead, the routine returns a 
negative one as the pointer. Thereby, the data base manager provides a 
method of determining the end of the loop. All that is necessary to start the 
looping over is to initialize the pointer to a value of zero. This assignment 
starts the looping back at the first bead. 
Once the program finds and retrieves the first polygon, the program 
must verify whether it is a start sheet or not. The first test used to verify a 
start sheet is to check how many possible bend edges exist. A possible bend 
edge is a sheet edge that has two sheets attached to it. Visually the color of 
these possible bend lines is orange. Sheet edges with only one attached sheet 
are blue. In the data base, a sheet edge that has two sheets attached to it has 
positive values for both pointers to the attached surfaces. In other words, both 
the POINTER TO SURFACE 1 and the POINTER TO SURFACE 2 have 
non-zero values. Only one of the pointers is not zero when the sheet has a 
single attached sheet. In order to test a sheet for the number of possible 
bends, the program must retrieve each sheet edge of a sheet. Fortunately, the 
B-rep data base stores an array of pointers to the edges that comprise a sheet. 
All that is necessary is to loop through this array of pointers and to retrieve 
each sheet edge to test if it is a possible bend edge. 
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Although no other sheet edge entries are important for the first start 
sheet selection, other values are later. For example, to avoid selecting the 
same bend line twice .. the program must check whether a sheet edge represents 
\ 
a previously unfolded bend or not. This inspection involves checking the 
BEND NUI\1BER. If the bend number is not zero, that sheet edge represents a 
bend that has previously been unfolded. Hence, the program considers only 
sheet edges that have BEND NUMBERS equal to zero when determining the 
number of possible bend edges. 
The other sheet edge entry that the software must check especially on 
subsequent selections is the SEAM/BEND SHEET POINTER. If this entry has 
a value other than zero, then the sheet edge is either an unfolded bend edge or 
an existing seam edge. As discussed earlier, an unfolded bend edge stores a 
pointer to the sheet that was transformed relative to the other attached sheet. 
A seam edge stores a pointer to the sheet that is attached to the seam. In both 
cases the POINTER TO SURFACE 1 and the POINTER TO SURFACE 2 
entries remain unaffected. A sheet edge of either of these types cannot be a 
possible bend. Therefore, the program does not consider a sheet edge that has 
a SEAM/BEND SHEET POINTER not equal to zero when determining the 
number of possible bend edges. 
If, after looping through all the sheet edges, the program finds a single 
possible bend, the program can proceed to the next algorithm. Otherwise, the 
program has further checks to do to determine if the sheet selected is a start 
sheet. For instance, if the number of possible bends equals zero, the sheet 
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obviously has already been unfolded or else it is not attached tn _JO)' other 
sheets. In this case the program loops to the next sheet and tests it as a start 
sheet. 
If the program finds the number of possible bends to be greater than 
one, the code must check whether all of the possible bend edges are colinear. 
If they are co linear, these edges farm a single bend edge, and the ref ore, the 
sl-1eet is a start sheet. Otherwise, the sheet is not a start sheet, and the 
program loops to the next probable start sheet. To help visualize this program 
flow ref er to the flow charts in Section 7 .3 in the Appendix of this thesis. 
Once the program selects a start sheet, it tests the sheet for the least 
number of attached sheets. The reason for this test is to reduce the number of 
entities transf armed. The logic is that a sheet that has several sheets attached 
to it through bends that have been unfolded, • requires many more 
transformations, than a sheet that has none or a single one. The transf orma-
tions require much time and generate computational expense. This may also 
reflect expense in the actual production of the part. 
While counting the number of possible bends the program also counts the 
. 
number of existing bends, bends that have previously been unfolded. The 
code compares this number to a value set by the program. If the number is 
greater than the set value, the program loops to find the next start sheet. 
Otherwise, the program continues using the selected sheet as the start sheet. 
57 
Advanced Sheet Metal Flat Pattern Layout Program Description 
Initially the value is set to zero .. but once all of the sheets selected have 
attached sheets, the value is incremented. This incrementation continues until 
it reaches a set value of four. At this time this test becomes invalid and 
unnecessary. One reason is that if a sheet has four sheets attached to it, it 
already requires extensive transformations. The main reason for the cutoff is 
that without the cutoff the program could not determine, without entering an 
infinite loop, the non-existence of a start sheet for a geometry that does not 
have an automatically selectable start sheet. 
The method of finding sheets that do not have more than a set limit of 
attached sheets relies on reaching the end of the polygons in the data base. 
For a given value of the limit, each time the loop reaches the end of the 
polygons, the limit is incremented and the pointer to the first polygon in the 
loop structure is reset to zero. Only after the limit reaches four does the 
incrementation and relooping discontinue. By this time the program assumes 
that the user must manually pick a start sheet. 
A manual start sheet selection results in the same steps as described 
above, with the exception that when a sheet is determined to have more than 
one possible non-colinear bend edge, the program requires user input to 
proceed rather than looping to the next sheet. The input needed to proceed is 
in one of three forms. The first is to select seams or welds. The second is to 
indicate the bend edge, and the third is to reselect a start sheet. The first two 
options perf arm the same task of adding seams. The diff ere nee between the 
two is the method of user interaction. This interaction has already been 
described in S~_ction 3.1.4.2. 
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The actual addition of a seam to the data base requires a. topology 
change. The sheet edge becomes two seam edges. One of the edges becomes 
attached to one of the sheets and the other becomes attached to the other 
sheet. This so called attachment involves the update of the SEAl\1/BEND 
SHEET POINTER to point to the appropriate attached sheet for each sheet 
r· 
edge. The other topology ch'ange involves the addition of new points and the 
modification of the sheet edges to point to the new points. 
The addition of points entails a complicated algorithm. If the seam 
selected is attached to a sheet edge which is a possible bend line on the start 
sheet, the program does not add a new point. If, on the other hand, the 
adjacent sheet edge is not a possible bend edge, the program adds a new point. 
A sheet edge that is not a possible bend edge, is one of three types. It is an 
existing bend line, a seam edge, or a sheet edge that does not have two 
attached sheets. As discussed earlier a possible bend edge in the data base is a 
sheet edge which has positive non-zero values for both of the surface pointers, 
POINTER TO SURFACE 1 and POINTER TO SURFACE 2, and has a value 
of zero for both the SEAM/BEND SHEET POINTER and the BEND 
NUMBER. 
A complication arises when the program updates the end point pointers 
for a sheet edge. There is not a problem updating the two sheets attached to 
the sheet edge specified as the seam. There is a problem, however, associated 
with updating other sheets. l\tlany times other sheets have a sheet edge which 
has an endpoint that is located where the program has added a point. The 
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selection of these sheet edges is more difficult than the selection for the 
attached sheets. The seam edge has pointers to the attached sheets, but not to 
the other sheets that use the point that the program added. 
For the attached sheets, the program connects the existing sheet edge to 
the selected sheet, and the new sheet edge to the other attached sheet. In 
other words, the data base management adds the pointer of the selected sheet 
to the SEAM/BEND SHEET POINTER entry in the existing sheet edge bead. 
In the added sheet edge bead, the program inserts the other attached sheet 
edge pointer. For example, if the original two surface pointers were 345 and 
428, and the selected sheet pointer was 428, the new sheet edge would have a 
SEAM/BEND SHEET POINTER equivalent to 345. Note that 1 both sheet 
edges have both of the original surface pointers. 
The program modifies the original sheet edge to include the pointer to 
the new point. The intent of adding the new point to the original sheet edge 
is that the original sheet edge is the edge that is attached to the selected sheet. 
This sheet is the users' choice as the next sheet to unfold. Therefore, it is the 
sheet that will be transf armed. Generally, the transformed geometry is the 
simpler geometry, and will not require the program to modify other sheet 
edges to have the pointer to the new point. 
The next several figures show various possibilities for seams. Figure 3.4 
shows a selected sheet which requires the user to specify seams. The figure 
also identifies the sheet edge chosen with the note "SELECTED SEAM". At 
the first endpoint, none of the sheet edges besides the selected seam are 
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possible bends. Therefore, the program adds a ne\v point to this end. At the 
second endpoint, the other three sheet edges which have this point as an 
endpoint, are all possible bends. For this reason the program does not add a 
new point to this end. 
DENOTES SELECTED 
SHEET 
-ENOPO I NT l 
' \ ' 
\ ~ \' 
- SELECTED SEAM 
-s--------ENDPOINT 2 
Figure 3.4, NeH1 Poi11t Added at E11dpoi11t 1 for First Selected Seanz 
The program adds the new seam edge and updates all the necessary 
pointers. The next step of the program is to unfold the start sheets created by 
the addition of the seam. Figure 3.5 shows the resultant geometry. · Once 
again the user must manually select a start sheet. The figure shows both the 
.• 
select_ion for the start sheet and the seam edge. 
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// ENDPOINT 2 
/ 
SEAM 
.- ENDPO I NT l 
Figure 3.5, New Poi11t Added at Endpoint 1 for Seco,zd Selected Seanz 
The program again looks at the number of possible bend edges attached 
to each end of the selected seam. At the first endpoint, the geometry does not 
have any possible bends. Two of the sheet edges are already bends, and two 
are seam edges. Of course, the other edge is the selected seam. Because there 
are not any possible bend edges, the program adds a new point at this end. 
Because both of the sheet edges attached to the other endpoint are possible 
bends, the program does not add a new point to this end . . 
The endpoint added for this second seam is more complicated than the 
endpoint added for the first seam. Notice that the first endpoint in Figure 3.4 
only had two sheets attached to it. Both of these sheets were attached to the 
seam edge. The first endpoint in Figure 3.5 has four sheets attached to it. 
,,-,: 
Two connected to the seam edge and one of the other two connected to each 
of the first t\vo. In order to correct the topology for the added point, the 
program must check for sheets attached to the selected sheet that might also 
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have edges attached to one of the endpoints. After properly adding the point, 
the additional seam edge is added and the selected sheet is unfolded. Figure 
3.6 shows the part after these last steps. 
Figure 3.6, The Result of U1zf of ding the Second Selected Sheet 
The Advanced Sheet Metal Flat Pattern code recognizes the added and 
modified sheet edges as seams. Because the SEAM/BEND SHEET POINTER 
has a ·value other than zero, the program does not consider these edges when it 
searches for possible bend edges. In all other ways, the code treats these sheet 
edges ordinarily. Not only does the data base get changed when a sheet edge 
becomes a seam, but also the color of the edge. The color for a seam is violet. 
Now that the user has used the program to create sheet edges that have 
seam properties, the program again tests the sheet for the number of possible 
bend edges as describe previously. At this time the selected sheet should have 
only one possible bend line or a series of colinear possible bend edges. 
Therefore, the program can proceed to unfold the selected sheet. 
The unfolding procedure requires additional data base information. The 
first required data is the angle of the bend to unfold. The program calculates 
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this angle from the dot product of the surf ace normals of the two sheets 
attached to the bend edge. A B-rep solid model data base requires the storage 
of all surface normals. To recover these normals, the program simply needs to 
retrieve the two polygons pointed to by the surf ace pointers of the hend edge. 
The retrieval of polygons recovers the surf ace normals in addition to other 
data. The equation to find the bend angle is 
- -cos e = n . n I 2 
- -where e is the angle of the bend and n 1 and n 2 are the two sheets' surf ace 
normals. 
In addition to the angle of the bend, the determination of the axis of the 
bend requires the surf ace normals and the bend edge data. In order to get the 
proper axis and direction for the rotation, the program calculates the cross 
product of the two surface normals. This cross product results in the direction 
of the axis of rotation for the angle previously calculated. For the program to 
locate the axis, either one of the endpoints of the bend edge can be used. The 
.only reason the actual bend line is not chosen as the rotation axis is that the 
direction of the axis relative to the direction of the calculation of the bend 
angle must be known. In the fallowing equation the cross product vector is 
-represented by c . 
The program uses this calculated angle and rotation axis when it 
transf arms all the necessary geometry to unfold the selected start sheet. But 
first, the program requires user input of the inside radius of the bend selected 
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and the type of geometry represented by the "no thickness and no radii" 
geometry. Although this data is necessary for the calculation of the bend 
allowance, it is not necessary for the unfolding of the shet~t. \Vhat the 
program does with this information is to store it in the bead of the selected 
bend sheet edge. The bead entries used are the GEOMETRY D1l\1ENSION 
TYPE, RADIUS OF BEND, and ANGLE OF BEND. The program can 
retrieve this information at anytime. 
. The program also increments a bend counter and stores this counter for 
the bend in the BEND NUMBER entry of the sheet edge bead. This entry is 
the main identifier of the sheet edge being an unfolded bend edge. 
The last entry made for an unfolding operation is the pointer to the 
selected sheet. The program stores this pointer in the SEAM/BEND SHEET 
POINTER entry of the sheet edge bead. This program needs the pointer for 
use in bend allowance calculations. To store all this data, the program uses a 
data base management routine to modify the existing sheet edge. The next 
step of the program is to perform the transformation. Because this operation 
requires much further discussion, It will be discussed later in its own section. 
Once a sheet has been transformed, the user has the option to change the 
information required for a bend allowance calculation. The user selects the 
bend edge he/she wishes to change, and the program retrieves the data 
contained in the GEOMETRY DIMENSION TYPE and RADIUS OF BEND 
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entries in the corresponding sheet edge bead. After the user enters tJ1e desired 
modifications, the program simply n1odifies the existing sheet edge bead \vith 
the newly entered data. 
One last convenient feature made possible by the data base, is the 
program's ability to recognize when the sheet metal part has been completely 
laid out. At the completion of each unfolding, the program executes this test 
to determine whether the program should proceed to the next sheet selection 
or stop unfolding. This testing involves an unsophisticated data base task of 
testing all sheet edges to see if a possible bend edge remains. Recall the 
previous discussion about the ability of the data base manager to loop through 
all the polygons. The data base manager also has the capability of looping 
through all the sheet edges. The ref ore, to test each edge to determine whether 
the edge is a possible bend or not becomes a simple task. The program 
retrieves every edge and checks the two surf ace pointers, the SEAM/BEND 
SHEET POINTER and the BEND NUMBER as deliberated before. If any of 
the edges tested are possible bend edges the part has not been completely laid 
out. Otherwise, the laying out operation is complete. 
3.2.3 Transformations 
The next appropriate discussion is about the transformations involved in the 
program. These three dimensional geometry transformations require the use of 
matrices. Although all the viewing operations associated with the Polygon.LU 
interface also use matrix transformations, this thesis does not discuss the 
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Polygon.LU viewing transformations. It does, however, describe the geometry 
transformations used by the Advanced Sheet Metal Flat Pattern Layout soft\l.'are 
and the basic logic behind these transformations. 
3.2.3.1 Geometry Representation 
A point can be represented in three dimensions by its coordinates. These 
three values can be specified as the elements of a one-row, three-column 
matrix. However, as noted in the Rogers and Adams text, Mathematical 
Elements for Computer Graphics, a fourth component is needed to allow for 
translations and overall scaling of geometries. The addition of this component 
generates what is called homogeneous coordinates. Rather than the three 
element matrix [x y z] a four element matrix [x y z 1] is necessary. The 
homogeneous form of this matrix js [X Y Z H]. These matrices represent the 
four dimensional position vector of a point. 17 
\Vith the use of matrix multiplication and a 4 X 4 general transformation 
matrix, T, these points can be transformed in many ways. The following 
equations illustrate the matrix multiplication and the conversion between 
homogeneous coordinates and ordinary coordinates. 
[X y Z H]=[x y 1 ]T 
__________ ,__ ___ ~----
17 ~f at.hematical Elements For Computer Graphics, Rogers, D .F. and Adams, J .A., p. 45. · 
18 :\f:ithematical Elements For Computer Graphics, Rogers, D.F. and Adams, J.A., p. 45. 
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1 19 
The general transformation matrix, T, can be partitioned into four 
separate sections. 
3 X 3 
3 
X 
1 
l X 3 lx3 20 
The 3 X 3 matrix produces a linear transformation in the form of 
scaling, shearing, and rotation. The 1 X 3 row matrix produces translation. 
The 3 X 1 column matrix generates perspective transformations. The final 
. -
single element produces overall scaling. The overall transformation achieved 
b1, multiplying a position vector with the generalized transformation matrix 
and then by normalizing the transformed vector is called bilinear transforma-
tion. This transformation yields a combination of shearing, local scaling, 
rotation, reflection, translation, perspective, and overall scaling. Although the 
viewing operations use many of these types of transformations, the only 
. 
transformations used specifically for the Advanced Sheet Metal Flat Pattern 
Layout software are translation, general rotation, and rotation about an axis. -
-------------------
19 Mathematical Elements For Computer Graphics, Rogers, D .F. and Adams, J .A., p. 45. 
\ 
20 ~fathematical Elements For Computer Graphics, Rogers, D .F. and Adams, J .A., p. 46. 
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For a translation, the important components of the general transf orma-
tion matrix are the ones in the 1 X 3 row matrix. If these elements are /, m, 
and n, they represent respectively the translation in the x, y and z directions. 
The fallowing equation presents the farm of this operation. 
[X y z HJ=[ .. ~ y z 
1 
0 
1] 0 
l 
0 0 0 
1 0 0 
0 1 0 
m n l 
If multiplied through, this equation results in the following. 
, 
[X Y Z H]=[(x+l) (y+m) (z+n) l] 
21 
22 
It fallows that by normalization, the end result of the operation results in 
these fallowing equations. 
* X 
X =-=x+l H 
• y 
y =-=y+m 
H 
. z 
z =-=z+n 
H 
~he above equations, one can see that the translation procedure 
results in a si1nple addition of the offset to each point transf armed. 
-------------------
21 ~1athematical Elements For Computer Graphics, Rogers, D .F. and Adams, J .A., p. 54. 
~~ ~1~then1atical Elements For Computer Graphics, Rogers, D .F. and Adams, J .A., p. 54. 
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3.2.3.2 Bend Allowance 
!' 
This translation matrix has two primary uses by the sheet metal program. 
The first use is for the rotation about an axis routine that is described later. 
TJ1e other use is to update the geometry with bend allowance information. 
After the program lays out a sheet metal part's flat pattern, the program can 
calculate the bend allowance for each bend and update the geometry to 
represent the bend allowance. Generally in this package the overall length of 
a flat pattern will be reduced by the bend allowance calculation. 
The program produces this reduction in length for each bend by a 
translation in a direction perpendicular to the bend. The program loops 
through each bend edge in order of creation and translates all the geometry 
associated to that bend by the calculated bend reduction. As mentioned 
previously, the data base provides a means of looping through all of the sheet 
edges in a data base. The program tests the BEND NUMBER of each 
retrieved sheet edge until the first bend is found. It continues these loops for 
all the other bends until the last bend is retrieved. 
The next task for the program is to calculate the bend length reduction. 
The bend edge retrieved contains all of the necessary data for the calculation 
described in the Background in Section 2.2 of this thesis. This data includes 
the inside radius of the bend, the angle of the bend, and the type of geometry 
represented by the original "no thickness and no radii" part. The program uses 
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this calculated reduction length as the magnitude of the bend allowance 
translation. The direction of this translation also depends on the data base 
information. 
The program uses the SEAM/BEND SHEET POINTER to retrieve the 
sheet that is attached to the bend and that is to be translated. When the 
program unfolded the bend, it also stored the pointer to the selected sheet in 
tl1e SEAM/BEND SHEET POINTER of the bend edge. This storage was 
specifically intended for the bend allowance graphics update. The program 
now has the capability to retrieve all of the entities that must be translated for 
the bend, and to determine the direction. 
' The program retrieves the attached sheet to recover other needed 
information needed to determine the direction. The program finds the bend 
reduction direction by taking the cross product of the surface normal of the 
retrieved sheet and the slope of the bend edge. Because the Polygon.LU data 
base contains solid model information, the data base includes an ordering of 
the edges. This ordering allows the Polygon.LU program to determine interior 
and exterior regions of a polygon\,) The Advanced Sheet Metal Flat Pattern 
software uses the ordering to determine the bend reduction direction. 
Now that the magnitude and direction of the bend reduction are known, 
the program must translate all of the entities associated with the bend. To this 
point, the transformations of points have been discussed. Transf arming other 
entities such as lines have not been discussed. Lines do not require any 
further transformations then transforming the endpoints. The only other 
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entity the current version of the Advanced SJ1eet Metal Flat PattL)rn Layout 
program supports are arcs. For an arc the transformation requires additional 
steps. 
The three dimensional representation of an arc calls for an orientation of 
that arc in space. This orientation corresponds to a known coordinate system. 
The other required data is the center of the arc, the radius, and the start and 
end angles of the arc. In order to perform a general three dimensional 
transformation on an arc, the program must be capable of changing the 
orientation and the center of the arc. The program can treat the center of the 
arc just like any other point. The coordinate system of the arc can also be 
treated as a set of points. These points consist of one point representing each 
of two axis directions and another representing the center of the axes. Note 
that the third axis can be found by computing the cross product of the other 
two and that the center truly is the absolute origin [O O OJ. After each point is 
transformed, the vectors for the new axes are determined by the difference 
between the axes points and the center point. 
For the translation, such as the bend reduction uses, the orientation of 
the arc does not change. Only the center of the arc will change. The ref ore, 
the coordinate system transformation is not required for any translation. 
There is, however, a reason for presenting this information. For the bend 
unfolding transformations and XY plane transformations described later, the 
program must utilize this coordinate system tra11sformation. 
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The first points translated are the t,vo endpoints of the bend edge. Each 
of these points are translatect half as much as the other points will be. This 
lesser transformation creates the equal reduction in each of the s ;:,~·ets attached 
to the bend without the need of translating all the geometry on t)Oth sides of 
the bend. 
The method the program uses to find the other entities to translate uses 
t11e data base looping capabilities. This procedure is the same as the procedure 
·,·.,.__ 
for unfolding bends with the exception that unfolding bends requires a 
rotation and, the ref ore, a transformation of an arcs' coordinate system. 
The first step for finding the otl1er entities for transformation is to loop 
through the sheet edges of the sheet attached to the bend. The program has 
retrieved this polygon that contains an array of the sheet edge pointers 
associated with it. From the array the program can retrieve each of the sheet 
edges that make up that sheet. Regardless of the edge type the program will 
translate the endpoints of the edge. In order to avoid translating a point 
twice, the program uses a buffer storage of these endpoints which will be 
translated. The program checks each edge type. If the edge is an arc, the 
center point is translated. 
For the case of unfolding a bend, the coordinate system of the arc is also 
transformed as described above. The program must add this translated 
coordinate system to the data base. The reason is that the original coordinate 
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system may be used by other arcs that \viii not be transformed. Therefore~ the 
arcs' pointer to its coo rd in ate system must be updated to point to the ne\vl v 
added coordinate system. 
The program also checks each sheet edge to see whether or not it is an 
unfolded bend edge. Remember that the BEND NUI\IBER will have a positive 
value if the sheet edge is a bend. If the sheet edge is a bend., the program 
records the other sheet, besides the current sheet, in an array. The code uses 
this array to find other sheets that must be transf armed along with the current 
sheet. 
After all the endpoints f ram all the sheets that require transformation 
have been added to the point array, the program transforms each point by the 
procedure shown above. 
3.2.3.3 Unfolding a Bend 
For the unfolding of a bend, the program works exactly as described 
above with the exception of the type of transformation matrix. The unfolding 
procedure requires a rotation about a known axis. The rotation angle is the 
bend angle, and the rotation axis is the bend line.- For a rotation about an 
axis, the program must first translate all the geometry so that the axis of 
rotation passes through the origin, then rotate the geometry about the axis, and 
finally translate the geometry back. This method involves a three dimensional 
'. 
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[R]= 
translation, a rotation about the origin, and a translation back to the initial 
position. If the axis of rotation, the bend line, passes through the point 
[I n1 n 1], then the form of the transformation matrix appears as fo'.l:Jws. 
I 0 0 0 1 0 o· 0 
[X y z H] = [x l J 0 1 0 0 0 I 0 0 y z [R] 0 0 l 0 0 0 1 0 
- l -m -n 1 l m n 1 
23 
In the preceding equation the R matrix is the 4 X 4 rotation matrix 
given below. 
ni+ ( 1- n~)cose n 1 n2( 1 - cos e) + n3 sine n 1n3 (1-cosB)-n 2 sinB 0 
n 1n 2( 1 - case)- n 3sin e n;+ ( 1- n~)cose n 2n 3( 1- case)+ n 1 sine 0 
n 1n3(1-cosB)+ n 2sinB n 2n 3( 1 - case)- n 1 sine n~ + ( 1 - n;) cos e 0 
0 0 0 1 
24 
In this matrix, the n1, n·2 and n3 represent the direction cosines of the 
angles a, f3 and Y identified in Figure 3. 7. The direction cosines are the three 
-
.components of the unit vector n. This vector represents the direction of the 
bend axis determined by the cross product of the two surface normals of the 
attached sheets. 
n 1 = cos a n 2 = cos f3 n 3 =cosy. 
-------------------
23 ?\f athematical Elements For Computer Graphics, Rogers, D.F. and Adams, J.A., p. 55. 
2·1 ,\,fathematical Elements For Computer Graphics, Rogers, D .F. and Ad~ms, J .A., p. 55. 
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a 
Figure 3.7, The Three Angles Used to Describe the Vector for a Rotation About 
A,z A .. xis 
All the remaining steps for the transformation of the entities associated 
with the bend are identical to the method described for the bend allowance 
calculation. 
· 3.2.3.4 Orienting in the ~XY Plane 
One of the other uses of transformations is to orient the final flat pattern 
in the plane of the x- and y-axis. This orientation is best suited for 
subsequent manufacturing operations. The method which the program applies 
for this transformation differs from the previously discussed transformations. 
In this case it is necessary to transform all the geometry. Therefore, the 
selection of the geometry for transforming differs. Instead of looping through 
the sheet edges of a selected sheet, the program loops through all the sheet 
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\ 
edges in the data base. As has been mentioned, the data base manager 
provides this capability. The program progresses the same as before once the 
• 
edges have been selected. For instance, it still uses the endpoint buff er and 
checks the edge type for arcs which require additional treatment. 
The transformation matrix for this orientation is a rotation type of 
matrix. The program requests the user to choose an x-axis direction. This 
direction is the slope of the sheet edge selected. The program then calculates 
the cross product of this slope and the surface normal to obtain the y-axis 
direction. Now that the program knows the current geometry orientation, it 
-'\ ', can determine the rotation necessary to position the geometry in the plane of 
the x- and y-axis. 
The current geometry orientation can be represented by a matrix. This 
matrix has three rows and three columns. The first row is the x-axis direction 
vector. The second and third rows respectively are the y- and z-axis 
directions. Because the cross product of any two of the vectors results in the 
third, the matrix only needs to include the first two vectors. For the purpose 
of clarity, the matrix below shows all three rows. 
Xx Xy xz 0 
Yx Yy Yz 0 
zx Zy zz 0 
0 0 0 1 
The desired rotation matrix is the inverse of the matrix formed by the 
combination of the three direction vectors of the current geometry orientation .. 
Because these vectors are orthonormal, the transpose of the matrix is 
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equivalent to the inverse of the matrix. Orthonormal means that the vectors 
are perpendicular and of unit length. Because the transpose of a matrix is 
much easier to define than the inverse of the matrix, the program performs 
the calculation of the rotation matrix without any problems or the need of an 
extensive inverse matrix algorithm. The 4 X 4 inverse rotation matrix for the 
matrix given above is the fallowing. 
xx Yx zx 0 
[R]= xy yy Zy 0 
xz Yz zz 0 
0 0 0 1 
\Vhen transferring the flat pattern geometry to the Unigraphics system, 
the program makes use of the same type of transformation matrix for 
orienting coordinate Sy'Stems. Every arc transferred into Unigraphics has a 
corresponding coordinate system that indicates the arc's orientation. Because 
the Unigraphics data base represents the orientation of arcs differently than in 
the data base used in the Advanced Flat Pattern Layout program, each arc 
transferred must also have its coordinate system transformed. This transf or-
mation requires the same type of rotation as does the orientation of the 
geometry in the plane of the x- and y-axis. 
3.2.4 Unigraphics Interface 25 
As mentioned in the preceding section, the program has the capability to 
output wireframe geometry to the Unigraphics S'y'Stem. The Unigraphics software 
provides a series of Fortran subroutines that can be used to interface with their 
----------------------
25 "Unigraphics User Function Programming Manual," Unigraphics II, Release 4.0 and 5.0. 
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software. Most of the procedures available while operating the U_nigraphics 
package, are also available through these User Functions. The User Function 
subroutines can be used by any external program. In fact, the Polygon.LU 
package uses these routines to retrieve the geometric data from a Unigraphics 
part. To use the routines a program must be linked to the library of these 
routines. U nigraphics provides a command file which performs the linking. 
Additionally, some logical assignments must be made to run the executable file of 
a program linked with the User Functions. 
The Advanced Sheet Metal Flat Pattern Layout software uses the User 
Function routines to transfer all the lines and arcs represented in its data base to 
a U nigraphics' part data base. In order to accomplish this task, the program must 
enable the user to log on to Unigraphics' File Manager (UGFM). After the user 
is logged on, the program opens an existing part. The User Functions do not 
permit the creation of a new part. They do allow the user to specify a new work 
layer. With the use of the User Function routines, the program transfers into this 
' ,, retrieved part all the lines and arcs contained in its data base. The prograf11 loops ,...._ ___ --
through every sheet edge, testing for< 'fhe type and accordingly creating the 
corresponding U nigraphics entity. 
Although creating lines does not present any difficulties, creating arcs does. 
In Unigraphics, all entities are created relative to the work coordinate system. 
This coordinate system can have any orientation and position relative to the 
absolute or world coordinate system. Because all entities are stored relative to the 
absolute coordinates in the data base used by the Advanced Sheet Metal Flat 
Pattern Layout program, the transfer of geometry into U nigraphics requires some 
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transformations. In the Advanced Sheet Metal Flat Pattern Layout program the 
matrix for an arc has an arbitrary orientation, and the center is relative to the 
absolute coordinates. In Unigraphics an arc is created in the oric:i :Jtion of the 
work coordinates with the center given in \vork coordinates and not in absolute 
coordinates. Therefore, Unigraphics eliminates the need for the translation 
portion of the rotation matrices because the rotation is always about the absolute 
or1g1n. 
To compensate for the different representations, the program requires two 
steps to transfer an arc to Unigraphics. The first is to use a User Function to 
change the current work coordinates so that they have the orientation of the arc 
matrix. Recall that the data base stores this orientation in a six element matrix. 
The next step is for the program to change the absolute coordinates of the center 
of the arc into the work coordinates. To simplify this transfer, the program 
creates all the work coordinates at the absolute origin. The way to convert the 
coordinates is to rotate them. The rotation necessary is the inverse of the 3 X 3 
matrix constructed from the three vectors of the work coordinate system. 
Remember that the third vector is the cross product of the first two. Also recall 
that this matrix is orthonormal. Thus, the trapspose of the matrix is equivalent to 
the inverse. The transformation of the center works the same as any other point 
transformation. 
\Vhen the work coordinate system has been changed, any point whose 
position is given relative to the absolute coordinate system must undergo a 
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transformation to obtain the position in \vork coordinates. Therefore._ if the 
program did not return the work coordinates to the absolute orientation, every 
subsequent point would also require a transformation like the center -::,f the arc. 
After all the geometry has been transferred, the program utilizes the User 
Functions to allow the user to rename the active part, to file it, and to log out of 
UGFM. The program returns to the main menu control. 
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CHAPTER 4 Examples 
This chapter contains examples of the Advanced Sheet Metal Flat Pattern Layout 
capabilities. These examples go step by step through the process to obt:t~ n the desired 
flat pattern of the sheet metal part. The first example illustrates a geometry that does 
not require a user decision about how the final flat pattern should appear. The program 
proceeds through this part automati~ally. The second example presents a part which 
does require user input. A third part shows how the program could be used to unfold a 
part \vhich requires triangulation. 
4.1 Automatic Operation 
I11 this first example, every sheet edge that is a possible bend edge becomes a 
bend edge. In other words, the part does not have any edges that represent seams. 
Because none of the edges represent seams, the program can automatically unfold the 
part. Ref er to Figure 4. I for an illustration of the part after initial retrieval. 
Figure 4.1, Original Part lvithout Bends i\1 ode led 
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The figures shown for this part illustrate the semi-automatic operation of the 
program. After the user enters the global parameters and goes through the steps 
necessary to start the semi-automatic layout, the program searches for 1 start sheet. 
\Vhen the program selects a start sheet, it highlights the sheet in white and requests 
the bend information. The user accepts the defaults and specifies the type of 
geometry represented as outside. The program unfolds the sheet so that the part 
appears as in Figure 4.2. Notice. that the sheet unfolded had a single possible bend 
edge. None of the other sheet edges have a second sheet attached to them. Also, 
notice how the program automatically transformed the whole sheet, including the 
slots. 
-
-
-
-
--
--
-
-
-
--
-
-
-
-
Figure 4.2, First Start Sheet Auton1atically U11/ aided 
The next step for the program is to select a second start sheet. Again, the 
program \vill select a sheet with a single possible bend line. Remember that a single 
bend line can consis\ of several colinear lines and that the program will not select a 
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sheet that has an unfolded bend. Once again the user enters all the additional 
information required for the bend allo~'ance calculation, and the program unfolds the 
selected sheet so that the part appears as in Figure 4.3. Notice that f·. r this second 
sheet the bend line consists of two separate lines. Also pay attention tc· the fact that 
. 
the progran1 did not select the sheet attached to the first unfolded sheet since this 
sheet has an existing unf aided bend edge. 
' 
....... 
• 
C) ·.. -' -,) -;.,.- . 
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-
-
Figure 4.3, Coli near Be,zd Li1zes 011 the Start Sheet Auton1atically Un/ aided 
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Figure 4.4, Ne.'tt Start Sheet has an E.,-r:isti11g Bend 
The program continues to select start sheet~ and to unfold them until the part 
looks like Figure 4.4. At this time the program cannot find a start sheet that does 
not have an existing bend edge. The program increments the number of allowable 
unfolded bend edges to one and starts over, looking for a start sheet. The unfolding 
works the same as before except no,v the sheets attached to the selected sheet 
through bends must also be transformed. Figure 4.5 illustrates the transformation of 
the two sheets. The program continues to unfold the remainder of the start sheets. 
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Figure 4.5, T}vo Sheets Tra,1sf or med Autonzatically 
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Figure 4.6, Last Bend to U11f old Auton1aticall,v 
Examples 
\Vith one last bend left as in Figure 4.6, the program has the choice of two 
sheets. One sheet has a single attached sheet, and the other has three immediately 
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attached sheets. In order to keep the transformations simple, the program transf arms 
the sheet with a single attached sheet. The result is the flat pattern shown in Figure 
4.7. The program continually tests the geometry after an unfold to determine if the 
la)'ing out is complete. \Vhen it is, the program returns to the main level, and allows 
the user to orient the geometry in the plane of the x- and y-axes, to update the data 
" base with the bend allowance calculation, and to output the wiref rame data to 
U nigraphics. 
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Figure 4.7, Flat Pattern Generated Auton1atically by the Progran1 
Figure 4.8 shows the final flat pattern including the bend allowances, and the 
original flat pattern. While using the bend allowance segment of the program, the 
user will see each bend individual!)' become updated with the calculated bend 
allowance. Every update is shown graphically until the last bend unfolded is 
updated. In the figure, only the original flat pattern and the final result of the bend 
allowance update are shown. 
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Figure 4.8, Fi,zal Flat Pattern I1zcludi11g Be,zd Al lowa11ce 
(Original Flat Pattern Sholvn lvith Phantom Li,zes) 
4 .2 User Decisions 
Examples 
In this second example, not every sheet edge that is a possible bend edge 
becomes a bend edge. In other words, the part has edges that represent seams. 
Because some of the edges represent seams, the program cannot automatically unfold 
the part. In fact, at the start the program under semi-automatic control cannot find 
a start sheet. The program requires the user to choose a start sheet. Ref er to Figure 
4.9 for an illustration of the part after initial retrieval. 
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Figure 4.9, Origi,zal Part lvith no Bends !vf odeled a11d User I,zput Required 
For this example, the user is to assume he/she desires the bottom sheet to have 
all its possible bends become bends and all the vertical possible bends to become 
seams. Notice that this is not the only possible assumption. The program can 
generate many different layouts, depending on the desired locations of the bends and 
the seams. 
The manual selection of the sheet in the f rant which has a square ended slot 
that goes through the bend, or any other sheet, requires the user to enter additional 
information. The program tells the user that the sheet selected has two or more 
possible bend edges. It requests that the user enters one of the fallowing three; select 
the seams or welds, indicate the bend edge, or reselect the start sheet. For this sheet 
indicate one of the bend edges shared by the selected sheet and the base sheet. At 
this point the program changes the color of the possible bend edges to the 
appropriate colors of seams and bends. The program automatically recognized that 
the sheet selected had another edge colinear to the edge selected. The program 
::.J' (;J!,-. .,~·::,, 
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requests a user approval of the specification. After appro,,al, the sheet 1s unfolded 
and appears as in Figure 4.10. The program automatically selects the (rant sheet 
with the large circular hole as the next start sheet and unfolds it so that the geometr)' 
looks like Figure 4.11. 
' 
' 
' 
' 
' 
Figure 4.10. U,zfolded Sheet after User I,zput of Be11d Edge 
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Figure 4.11, Program Auton1aticalf;, Unfolds Sheet 
Once again the program loops through all the sheets and does not find a start 
- . 
sheet. The user must again select the start sheet. This time the back sheet with the 
rounded slot was chosen. Again the program indicates that the sheet selected has two 
or more possible bend edges and that the user must make a decision. The user 
chooses to select the seam and picks the vertical line. F'or each edge picked the color 
changes to the seam color. The program requires the user to tell it when the user has 
completeq. selecting seams. After adding the seam the program returns to looping 
through to find start sheets. Now that the seam has been added, the program can 
unfold the rest of the part. The final flat pattern ~ppears in Figure 4.12 
'. . - r 
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Figure 4.12. Flat Pattern Ge11erated 1vith User Input 
Examples 
' . 
' 
' 
Figure 4.13 shows the final flat pattern including the bend allowances and the 
original flat pattern. Note that the program has a limitation. Because the addition of 
seams results in bends that form a corner, the program does not know how to handle 
the bend allowance at the corners of two bends. Currently, as shown in the figure, 
program moves the endpoint of the bend line regardless of other attached bend lines. 
By doing this the angle of the seam edge is changed. In order to avoid this problem, 
a user could use the program to layout a part that requires seams, find an appropriate 
flat pattern, and then modify the original model to include bend reliefs. 
I 
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Figure 4.13, Final Flat Pattern !11cluding Be11d Allolvance 
( Original Flat Pattern Sholvn lvith Pha1zton1 Lines) 
4.3 Triangulation 
Examples 
This last example illustrates ho\v a user might use the program to generate a 
rough estimate of a flat pattern of a part that requires triangulization. For this part 
the user must design the part as a part that represents the actual part with triangular 
elements. · \Vhat the program provides is an automatic layout and the ability to 
include bend allowances. The starting part is shown in Figure 4.14. It is a transition 
piece bet\veen a rectangular and a circular duct. 
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Figure 4.14, Original Part with 110 Bends Modeled and User Input Required 
For this part the program will not select a start sheet. Decide where the seam 
for the part should be and select one of the adjacent sheets. The program indicates 
that the selected sheet has two or more possible bends. Indicate the seam and let the 
program unfold the geometry sheet by sheet. Figure 4.15 shows the first sheet 
unfolded and Figure 4.16 shows the completed flat pattern. The flat pattern that 
includes the bend allowance is shown in Figure 4.17. 
Figure 4.15. User Selected Start Sheet U11/ olded 
• . , 
94 
' Advanced Sheet Metal Flat Pattern Layout 'i 
/ 
/ 
/ 
/ / 
/ / 
/ 
r 
// ~ 
/ ~/; 
/ // 
/ // I 
/ / I 
/ / / 
/ / / I 
/ 
/ / 
/ 
/ 
/ I 
I 
I 
I .,,,, 
/ 
/ I 
I 
I 
"/ ~ I / ---:, 'l 
.,,,, / // 
_,,, .,,,, / / 
_.,,. / / / 
/ 
// / / / 
/ 
/ / / 
/ / / 
/ / / / 
/ / 
/ / / / / 
/ 
/ 
/ 
...... 
..... 
- ...... (:. 
....... 
-
--
-
-
-
-
-- -
---
-
- -------------::.~ 
. -
---
- -
--- ---
' 
' 
' 
' 
' 
-" ' 
' 
...... ..... ' 
- ' -
- - ..... ' -- ...... , ...... 
- - - ........ 
- - ...... 
-
Figure 4.16. Flat Patter,z Generated 
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-~ure 4.17, Fi,zal Flat Patter,z Includi,zg Bend Allolva11ce 
(Original Flat Pattern Sholv1z with Pha,ztom Li11es) 
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CHAPTER 5 Conclusions 
The Advanced Sheet Metal Flat Pattern Layout program provides :1 useful sheet 
metal design and manufacturing tool. The software provides a neces'.~ .. : ry tool for 
developing various layouts with speed and efficiency, thereby, making the package 
useful for design. It also produces layouts that include bend allowances for the future 
n1anufacture of the product. With the output of the package a firm could perform such 
operations as numerically controlled punch press programming and stock sheet size 
nesting. In general, the approach developed for this thesis could be a highly valued tool 
for the sheet metal industry. 
.. 
5.1 Significance of Program 
The most significant difference between this software and other sheet metal flat 
pattern layout packages is that this software has a B-rep solid model ty1pe data base 
as its substructure. The data base contains all the topological information necessary 
to implement an automatic sheet metal design package. Other programs which use a 
simple wireframe data base require far more user interaction. They also call for 
alternative storage techniques for the bend information. In this program the data 
base directly stores the bend information, and the layout is mostly automatic. 
5.2 Benefits of Other Software Packages 
The use of existing routines for the graphics, the user interface, and the data 
base provided a well developed basis to begin this application development. For 
instance, \vithout tl1e adaptation of the Polygon.LU data base routines ~contained in 
the Dbase.L U software, it would have been necessary to construct an entirely new 
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data base. But as is, there was the need to only add a single entity t/pe to the 
existing package, namely· ·a sheet edge entity. Because Polygon.LU rout ,nes \Vere 
used, code, which provided user input such as cursor picks and data entry through 
menus, nor that enabled viewing operations like view orientation and scaling, did not 
have to be ,vritten. The Graph3D package provided all the necessary graphics 
display routines including all those required by the Polygon.LU program routines. 
The ref ore, during the de\'elopment of the Advanced Sheet Metal Flat Pattern Layout 
code, the concentration was on the specifics related to sheet metal flat pattern 
development and not on the requirements of an overall graphics package. 
5.3 Future Capabilities 
Although the program as it stands is a very useful design tool, the addition of 
several capabilities will make the package outstanding. These additional capabilities 
include a complete three dimension wireframe output from the original three 
dimensional shell model and the capacity to handle other curves, besides lines and 
arcs, and other surfaces besides bounded planes. 
5.3.1 Polygon.LU 
One important future capability is the integration of the package with the 
Polygon.LU code. The package was designed with the intent of being a module 
of the Polygon.LU package. Therefore, only a few modifications to the 
Polygon.LU code and the Advanced Sheet Metal Flat Pattern Layout code will be 
required in order for someone to incorporate the two codes. The most important 
modification to Polygon.LU will be the addition of the sheet edge entity. 
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Although all the required data base routines have been \Vr1tten~ the prl?gram \vill 
need to be able to convert the Polygon.LU edge entity into the ne\v sheet ec.ige 
entity and vice versa as necessary. Currently, the only transfer bet\veen the t\vo 
types exists when the Advanced Sheet Metal~ Flat Pattern software reads in a 
Polygon.LU generic file. In the future~ the integrated program \vi 11 require a 
transfer whenever the user chooses to proceed into the sheet metal module of 
Polygon.LU. 
Thi~ addition of the sheet metal module into the Polygon.LU package will 
allow a more logical procession of design through layout. The designer can use 
either Polygon.LU or some other wireframe modeler such as Unigraphics to 
generate the desired part. Then, within Polygon.LU, the designer can use the 
automatic generation of the boundary representative data base and immediately 
proceed to layout the flat pattern of the geometry. To make design changes, all 
that is necessary is to back up into Polygon.LU. As a separate program an extra 
file must be stored, and the user must jump back and forth between the 
programs. 
5.3.2 Output of 3D Geometry with Thickness 
In order to make this package a more complete design tool, it should have 
the capability of producing three dimensional refolded geometry with thickness. 
The need arises for such output when the parts modeled are components of 
assemblies or require visual verification. The purpose of the program represent-
ing the initial three dimensional geometry, with no thickness displayed, was to 
simplify the user input while designing. The program was not intended to act 
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solely as a flat pattern layout program, but also as a sheet metal parts design tool. 
Once the flat pattern of one of these parts is created .. the data base contains all 
the necessary information to reconstru<;t the original geometry with thickness. In 
order to add this feature, several problems would have to be addressed. 
One example of a possible problem occurs when the edges attached to the 
bend do not meet the bend edge at a ninety degree angle. In this case the 
rebended geometry requires a spline rather than an arc at the end of the bend. 
Refer to Figure 5.1 to compare the two ends of the bend. The one end has the 
edges attached to the bend intersecting the bend perpendicularly. At this end 
simple arcs are used to represent the end of the bend. On the other end, one of 
the edges is not perpendicular to the bend line. At this end the curve 
representing the inside radius edge of the bend is a spline, riot an arc. 
/ 
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Figure 5.1, An Exar:,zple of a Spli,ze Be11d E,zd 
L, 
Conclusions 
Another difficulty arises at corners that may exist because of a seam or 
weld. The geometry in Figure 5.2 shows this situation in the flat pattern. If the 
original design does not have bend reliefs, the geometry becomes too complicated 
to handle. In such a situation, the actual sheet metal part may be torn or 
def armed in some manner that is difficult to geometrically model or the designer 
n1ay want to flag this area and add a relief to the model. Either of these two 
options cannot be easily imitated. 
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Figure 5.2, Overlapping of Bend Linzit Li,zes at a Cor11er of T}vo Be11ds 
5.3.3 Other Curve Types 
Currently, the program handles lines and arcs but not any other edge 
entities. Although Polygon.LU manages conics and splines, the Automatic Sheet 
Metal Flat Pattern software does not. Most brakef armed sheet metal parts do not 
incorporate any other edge type besides lines and arcs except as noted in the 
previous section. 
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In order to es ablish a more complete soft\vare package, the code _must have 
\ 
capability to handle other curve types. The changes required are to 1nodify the 
unbend and bend allowance routines so that other curves are recognized and 
transf armed properly. 
5.3.4 Ruled Surf aces 
The present version of the Automatic Sheet Metal Flat Pattern Layout 
software can only handle bounded plane type surfaces. These are planar surfaces 
with boundaries that define the limits of the surface. They may have arbitrary 
boundary definitions including lines, arcs, and conics. They may also include 
boundaries that represent holes. 
·~ 
Conversely, ruled surfaces are not planar. Their definition is a surface 
which is depicted by two curves connected by straight lines. For example, if the 
two curves of a ruled surface are circles, the surface represents a round cylinder. 
5 .3 .4 .1 Bends Represented with Radius 
By adding the capability of handling ruled surfaces, the program could 
handle input of three dimensional geometry without thickness, but with the 
attachment of bends represented with radii. Currently, the software only 
recognizes square corner bends. The advantage of square corner representation 
is the ease of preliminary design. The disadvantage is that a complete, three 
dimensional geometry with thickness and radii, could not be laid out without 
reverting to the primitive representation the program now requires as input. 
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If the addition of three dimensional output with thickness and radii is 
made available, the program needs the capability of laying out this newly 
generated geometry. The . primary reason being that once this more 
representative geometry is generated, it can be used in assemblies where 
interferences between components can be checked. Rather than reenter the 
primitive geometry and start over, a user could modify the new geon1etry with 
thickness and then use it as the input to the flat pattern generator. The only 
necessary precaution would be that only one surface of the part with thickness 
could be passed to Polygon.LU, such as the outer or the inner surface. 
Therefore, the operator would transfer a no thickness representation of the 
part that has bends represented with radii. A simple way to achieve this 
transferal is to put the geometry necessary for Polygon.LU on a different layer 
from the rest of the part. 
Another reason for the capability of laying out bends that are 
represented with radii, is that many times this program may be used solely as 
a manufacturing tool and not as a design tool. In this case, the designer will 
have constructed the entire sheet metal geometry for an assembly including the 
radii and thickness of the material in the wireframe, and then uses the 
Automatic Sheet Metal Flat Pattern Layout program, to automatically obtain 
the flat pattern. This flat pattern including bend allowances is then used to 
program the various machines required to manufacture the part. 
The proposed method of handling this bend representation with radii 
involves the use of ruled surfaces. In this case a bend has the farm of a ruled 
surface with a circular cross section. In addition to checking an edge for two 
·"-_) . 
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attached sheets the software would have to test the two surface types. If the 
one surface is a ruled surface, it may be a bend, already represented \vith a 
radius. The program would analyze the ruled surface to detern1ine \vhether 
the bend it represents was a bend for med by a brake or not. If this surface 
designates a brakef armed bend, then it contains the bend radius information 
required to calculate the bend allowance. The user would not be required to 
enter the radius, and the program would proceed nearly automatically. 
l-1. 
5.3.4.2 Other Forming Technique /'"' 
The current state of the developed code handles only linear bends 
typically obtained by manufacturing processes such as brake forming. Other 
farming techniques like those used to form cone or cylindrical shapes have not 
been modeled. These shapes would be transferred through Polygon.LU into 
precise ruled surface representations. Currently the program only handles 
bounded planes. 
A simple proposed technique for handling ruled surfaces that do not 
indicate brakef armed bends, as discussed in the previous section, is to convert 
the precise geometric information into a faceted representation. Facets are a 
series of planar polygons that would approximate the shape of a ruled surf ace. 
Figure 5.3 shows a faceted representation of a cylinder. The use of facets for 
ruled surfaces is already available within the Polygon.LU structure. In order 
for Polygon.LU, or for that matter any other current solid modeler, to produce 
a shaded image of ruled surfaces it must first create a faceted representation. 
These individual planar polygons are computationally much easier to handle 
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and, therefore, can be used for both shading and approximate unbending of 
sheet metal parts. These polygons or sheets can be unfolded in a paralleling 
fashion to standard sheets with linear bends. The only exceptiun is that the 
program may require an adjustment to the calculation of the bend allowance. 
However, without much additional coding such shapes may be handled using 
this package. 
' \ 
• 
Figure 5.3, A Faceted Represe1ztation of a C.vlinder 
A similar technique exists within the Unigraphics sheet metal package. 
It is called triangulization. In this package the user must specify cone or ruled 
surfaces, and then proceeds to identify the surfaces by selection. This 
software has several disadvantages. For one, the calculations do not 
incorporate bend allowances. Another inconvenience is the amount of user 
input. Finally this segment of Unigraphics does not interact with the unbend 
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segment. If this technique for handling ruled surfaces \vere added to the 
Advanced Sheet Metal Flat Pattern La vout software~ it \vould be an intin1ate 
part of the unbend f ea tu res. 
5.3.5 Design Rules 
The program would become a better tool for manufacturing and design if 
certain rules were added. Tl1ese rules could include checks for the manufactura-
bility of the design and the input of user defined bend equations. 
/ 
-
With the use of the solid model data base structure, many manufacturability 
checks could easily be perf armed. For example, to maintain a circular hole near a 
bend line, the hole must be located so that it does not lie in the section of the 
bend with a radius. The data base of the flat patterr1 obtained using this ! 
program, contains all the information needed to detect this occurrence. Once 
detected the program could allow the user to change the hole location or make 
some other accommodation. 
) 
Another similar example is that without special precautions, a cut-out 
cannot be located within a certain distance from the edge of a sheet without the 
edge becoming bulged by the punching operation. This distance is determined by 
the material thickness, hardness and even the tool used to make the cut-out. 
After calculation of this distance, the program could cycle all the cut-outs to find 
any that require relocation or special treatment during the punching operation. 
Because not all materials follow the neutral axis theory described in the 
background contained in Chapter 2, the program could include either a 
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mechanism for user input of bend allowance equations or an artificial intelligence 
routine for the calculation. The program stores the necessary information for a 
bend allowance calculation and not the bend allowance. Therefore. the addition 
of a user defined bend equation would become easily adapted. Likewise, an 
artificial intelligence approach could be incorporated . 
• 
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Cl-lAPTER 7 Appendix 
7 .1 User l\1anual 
The use of this program is currently intended to develop the flat pattern layout 
of sheet metal parts designed as three dimensional, square cornered., no thickness~ 
surf aced models. Within the program the user specifies the thickne.ss associated with 
the geometry, the radius of the bends, and information corresponding to the type of 
dimensionally represented bend geometry. 
To create the input to the program the solid model program, Polygon.LU, must 
be used. This program creates the geometry file needed for input and also will 
create, from a wireframe model, all the surface information needed for the Advanced 
Sl1eet Metal Flat Pattern Layout program. The Polygon.LU program can take a 
Unigraphics or IGES wireframe input and convert it to a B-rep type solid model. 
Currently the sheet metal program is separate from the Polygon.LU program, but it 
may some day be a module of that package. For now the interface between the two 
packages is an ASCII file created by Polygon.LU called a Polygon.LU generic file. 
Refer to the Polygon.LU Package Manual for operation of the Polygon.LU program 
and the creation of the required generic file. 
To run the program, a user needs access to the files FP.EXE, RUN_FP.COM 
and their generic file, / ilenan1e.GEN. Execute the command file RUN FP which in 
turn runs the executable file FP.EXE. At the start of the program, it displays a 
banner similar to the one below. 
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At this time the program prompts for the Polygon.LU generic file to retrieve. 
After the file has been retrieved, the program displays a banner indicating the 
number of various entities retrieved. To continue the user must use a menu control 
function, namely Entry Complete. For more information refer to the Menu Control 
section of this Appendix. The program displays the retrieved part. Note that the 
color of the edge indicates whether it is a member of one or two surfaces. The 
colors should be the fallowing. 
BLUE: Single sheet attached to the sheet edge. 
ORANGE: Two sheets attached to the sheet edge, a possible bend edge. 
After the unfolding of the part has started edges may change to the following 
colors. 
YELLOW: Sheet edge is an unfolded bend edge. 
VIOLET: Sheet edge is a seam. 
From these colors one can judge the location of possible bends and seams. 
Bends or seams are possible only when an edge is shared by two surfaces and 
the ref ore displayed orange. 
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Following the graphic display the interactive menu controlled port~on of the 
program begins. Here the user must enter the appropriate global paran1eters as 
displayed in the menu flow section of this Appendix. 
7 .2 f\.,f enu Structures 
The Advanced Sheet Metal Flat Pattern Layout program is an interactive menu 
driven program. Because the program will some day be a module of Lehigh 
University's Computer-Aided Design Laboratory's solid modeler package, Poly-
gon.LU, the menu structure parallels the structure incorporated in Polygon.LU. This 
structure was modeled after U nigraphics'. 
Additionally, the package was designed to interface with Unigraphics' \vork 
stations. To facilitate this interface, U nigraphics User Functions were used to 
generate menus and to program function keys. A separate, although integrated, menu 
handling system was designed for Tektronics 41 XX series graphic terminals. The 
Advanced Sheet Metal Flat Pattern Layout program used the Tektronics version of 
the menu structure. The modification to the Unigraphics workstation style mostly 
involves the relinking of the program to the Unigraphics' User Function library 
routines instead of the 41 XX series routines. However, the graphics 
slightly different. 
! 
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The menu design consists of a main menu which has 1 through up to 14 
\ options, a menu control section, and a global menu of permanent functions. The 
n1ain menu consists of a menu tree. The reason it's called a menu tree is that 
selecting one option branches to another option and so on in a tree-like manner. The 
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bulk of the program's functions are in th is area.. such as in the Sheet .~1etal Flat 
.,,1· 
Pattern Layout program the options to unbend and layout~ modify bends, etc. are 
available in the main menu of the tree. For a more complete listing refer to the 
section of the Appendix entitled Menu Menu. 
7.2.1 l\Ienu Control 
The menu control section allows the user to reject or terminate out of a 
menu. Reject will generally back up the menu one level while terminate \viii 
back up the menu to the next highest main menu. This level may or may not be 
the overall main menu. The menu control also presents the option to accept 
defaults in a data entry menu by means of entry complete. When the program 
requires data entry, and the user chooses to accept the defaults as given, he/she 
may use the entry complete option to do so. For an illustration of these menu 
options ref er to the menu display in the fallowing section. 
7 .2.2 Global Menu 
The global menu has options which may be available at various menu levels. 
An example of a function in the global menu is viewing. The user may, at most 
any time, decide to change the view, scale or some other viewing parameter 
simply by selecting the global menu option for viewing, and then the appropriate I 
fallowing menu options. These fallowing menus operate exactly the same as the 
menu tree. The availability of menu control and global menu functions appears 
as follows. 
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GLOBAL l\lENU: 
FVD 
l\lENU CONTROL: 
RTA 
7 .2.3 Main Menu 
This section is a listing and description of the program's menus and tJ1eir 
flow. The first menu to appear in the program is not the main menu but rather 
the global parameters menu. The values may be changed later, but it is a good 
idea to enter the correct values initially. One important reason is that the value 
of the minimum radius is used as a default for later menus. 
ENTER SHEET PROPERTIES 
1 THICKNESS .0625 
2 HARDNESS .44 
3 l\1IN RADIUS .125 
The following menu is the main Flat Pattern Module menu. Initially it has 
only two entries, but as the user unbends and completes the unbending operations, 
additional entries become available. At first only the first two options are 
displayed. Option 1 sends the program to the SELECT PROCEDURE MODULE 
menu and· ion 2 returns the flow to the above menu. 
FLAT PATTERN MODULE 
1 UNBEND AND LAYOUT 
2 RESET GLOBAL PARAMETERS 
3 l\10DIFY BEND - available after a,z u,zbend 
4 BEND ALLO\V ANCE CALCULATION - available after a,z 
1i1zbe11d 
5 ORIENT GE01\1 IN XY PLANE - available after all u11be11ds 
6 UGII OUTPUT - available after all unbe11ds 
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This fallowing menu is accessed from the main menu option I, UNBEND 
AND LA \'OUT. It's comprised of three choices of operation. 
SELECT PROCEDURE TYPE 
1 I\IANUAL 
2 SEMI-AUTQI\,tATIC 
3 AUTOI\1ATIC 
The first choice requires the user to select each start sheet. Start sheets are 
sheets which have a single bend edge or have several colinear bend edges. They 
may or may not have other sheets attached through existing bends. Below is 
displayed the current message. 
SELECT A ST ART SHEET 
Entry of the bend information is required after start sheet selection for both 
the manual and semi-automatic procedures. Two separate menus appear 
sequentially. The first requests approval of the minimum radius as the inside 
bend radius and the calculated angle as the unbend angle. 
ENTER BEND INFO 
1 INSIDE RAD .125 
2 ANGLE 90. 
The second requires input as to what the geometry represents. Is the given 
geometry the representation of the neutral axis, the outside or the inside of the 
,, 
bend? 
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BEND GEOI\I REPRESENTED 
1 OUTSIDE 
2 NEUTRAL AXIS 
3 INSIDE 
Appendix 
The second procedure, SEMI-AUT01VIATIC, differs from the 1\1ANUAL 
only in that start sheets are selected automatically, if they exist. If a start sheet 
does not exist then the procedure is identical to the manual procedure. The third 
option, AUTOMATIC, proceeds as the second except it assumes the bend 
information as shown below. Note also that even if an automatically selected start 
sheet is not found the manual selection will also assume the bend information. 
FOR ALL BENDS THE CALCULATED 
ANGLE, THE l\1INIJ\i1U1\1 RADIUS AND 
NEUTRAL AXIS GEO~'.IETRY ASSUMED 
At this point the program requests the user's approval of the above 
statement and of the automatic procedure. 
OK TO PROCEED 
1 YES 
2 NO 
When a start sheet must be manually selected whether because MANUAL 
procedure was selected or because no sheets could be automatically selected, it's 
possible that a non-attached sheet is selected. In this case the program will 
prompt the fallowing message. 
POLYGON CHOICE ERROR 
117 
I 
. 
I 
\_ .. , ' 
Advanced Sheet Metal Flat Pattern Layout 1 Appendix 
The more likely possibility is that a sheet with t\vo or more possible bends is 
selected. This type of selection is very likely if there \vere no sheets selected 
automatically when either the SEMI-AUTOI\IATIC or AUTOl\lATI(~ procedures 
were used. At this time the following menu appears. 
2 OR MORE POSSIBLE BENDS 
1 SELECT SEAMS/\VELDS 
2 INDICATE BEND EDGE 
3 RESELECT SHEET 
The menu presents the user with three choices. He/she may specify by 
cursor pick the seams the sheet has or the edge that is the bend. The last option, 
RESELECT SHEET, permits reselection of another sheet, if after consideration 
the user decides another sheet would be a better start sheet choice. For this last 
choice the program returns to SELECT ST ART SHEET. For selection of option 
, • I one, SELECT SEAMS/WELDS, the program prompts the user the f ollow1ng 
message. 
\J 
-'1 
SELECT SEAivl/WELD 
After the first pick the program will inquire whether to specify more seams 
or welds, to reject the last selected seams or welds, or to accept the selected seams 
and welds. If the user chooses option one, this section of the program will loop 
through again to this menu. Also note that option two provides the ability to 
reject sequentially, in reverse order of selection, all seams and welds specified 
within this start sheet. 
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SEAI\1/\VELD 1\1ENU 
1 SPECIFY MORE SEA~IS/\\'ELDS 
2 REJECT LAST SEA~1/\VELD 
3 ACCEPT SEAI\'IS/\VELDS 
'i 
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The following messages are possible responses to improper selection within 
SELECT SEAM/WELD and should be self explanatory. 
SELECT A NON-BEND EDGE 
SELECT FROM CURRENT SHEET 
RESELECT SEAM/WELD 
SELECT A NON-SEAM/WELD EDGE 
SELECT AN UNSELECTED EDGE 
\Vhen a user chooses the INDICATE BEND EDGE option from the current 
menu, the fallowing warning is displayed. 
ALL POSSIBLE BENDS NOT 
CHOSEN BECOME SEAMS/WELDS 
A menu then prompts the user to select the edge he/she wishes to be the 
bend edge. Note that colinear edges are found automatically. 
SELECT BEND LINE 
After selection, the bend edges and seams will be highlighted in their 
appropriate colors, and the user is requested to accept the action. 
ACCEPT BEND AND SEANIS/\VELDS · 
1 YES 
2 NO 
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If the response is no, the geometry \Viii be unaffected and the menu \viii 
return to 2 OR ~JORE POSSIBLE BENDS menu. If the input is yes, the 
geometry will be updated and the next start sheet will be selected ciepending on 
;, \ 
the type of procedure, manual or automatic. 
After a bend has been unbent, the rvlODIFY BEND option from the main 
level becomes available. When it is chosen, the following message requests the 
user i:O specify the bend to modify. 
SELECT BEND TO MODIFY 
After a bend is selected the fallowing menu is displayed. Each of these 
options invokes a menu previously discussed. However, the menus before were 
executed in succession. Here each is independently addressed. Additionally, the 
data presented has the values previously assigned as the defaults. 
CHOOSE BEND MOD OPTION 
1 ANGLE OR INSIDE RADIUS 
2 NEUTRAL AXIS LOCATION 
For the NEUTRAL AXIS LOCATION option, one of the following menu 
titles shows what the current or default entry is. 
CURRENTLY INSIDE BEND GEOI\1 
CURRENTLY NEUTRAL AXIS GEOI\1 
CURRENTLY OUTSIDE BEND GE01VI 
After completing bend modifications the control \vill return to the main 
menu. 
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In addition to ~10DIFY BEND option, the option, BEND . .\ LLO\\' ANCE 
CALCULATION, is also available after a bend has been unbent. Ho\vever, the 
third option within this menu is not available until all bends have ?een unbent. 
The reason being that this option does a graphic update to the data base and is 
reliant on the fact that the geometry has been totally laid out. The first two 
options merely display on the screen the value of reduced length of each sheet 
due to the bend. The number can be positive or negative. 
CALC BEND ALLOWANCE 
1 SINGLE BEND 
2 ALL BENDS 
3 GRAPHIC UPDATE 
' • 
Option three may not be executed twice. An attempt to do so will result in 
the display of the fallowing message. 
BEND ALLO\V ANCE C0I\1PLETED 
Another option from the main menu available after all bends have been 
unbent is ORIENT GEOM IN XY PLANE. This option orients the geometry in 
the XY plane especially for Unigraphics output for punch programming and 
nesting routines. The user needs only input the X axis orientation. The flow of 
the program returns to the main menu after completion. 
X-AXIS ORIENTATION 
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The final option from the main menu, UGII OUTPUT .. additionaiiy becomes 
available only after the part has been totally laid out. The first step is to logon to 
UGFM, the Unigraphics File Manager. The program requests the user 
identification first. 
LOG ON UGF1YI: ENTER USER ID 
Then the users password. 
ENTER PASSWORD 
/\ / '\ 
. ) 
I 
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The program requires that an existing part, maybe the original folded or a 
blank dummy part, be retrieved in order to enter the geometry. 
RETRIEVE PART: ENTER FILESPEC 
The next menu was especially designed to accommodate adding the laid out 
geometry into the original part on the same layer or on a separate layer. · 
ENTER DESTINATION LA YER 
1 ORIGINAL 
2 NEW 
If the user selects NEW the fallowing data entry menu appears. 
DESTINATION 
1 LAYER 1 
The program adds the geometry, then requests if the current part should be 
stored with a different name or not. 
122 
' 
I 
Advanced Sheet Metal Flat Pattern Layout 
FILE PART 
1 NE\V FILE 
2 SAI\1E FILE 
\ 
Appendix 
If the NEW FILE option is chosen the program displays the following 
message and requests the file name of the new part. 
FILE PART: ENTER FILESPEC 
After filing, control returns to the main menu. 
7 .3 Program Flow Chart 
The next several pages present flow charts of the general program procedures 
and user interface. In the flow charts, all the menu choices available are illustrated. 
Note that when a routine appears never ending, a user must select a menu control 
option such as reject or terminate operation. 
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·ADVANCED 
SHEET METAL 
FLAT PATTERN 
LAYOUT 
POL'(GON GENERIC 
FILENAME 
ENTER SHEET PROPERTIES 
-!~~TH I CK NESS 
2 HARDNESS 
3 MIN RADIUS 
FLAT PATTERN MODULE 
1 UNBEND AND LAYOUT 
2 RESET GLOBAL PAP~METERS 
3 MODIFY BEND 
4 BEND ALLOWANCE CALCULATION 
5 ORIENT GEOM IN XY PLANE 
6 UG I I OUTPUT 
2 3 4 5 6 
Figure 7.1, Mai,z Progran1 F!o}V Chart 
. . 
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SELECT PROCEDURE 
l MANUAL 
2 58.( 1 -AUTOMA T 1 C 3 AUTOMATIC 
NO 
\ . 
J 2 3 
SELECT ST ART M,--~ SHEET 
TRUE 
ASSUME .MIN 
RADIUS ANO 
NEUTRAL AXIS 
LOCATION 
NO 
NO 
ENTER BEND INfO 
! INSIDE RAD 2 ANGLE 
TRANSFORM /\LL ASSOCIATED GEOMETRY 
NO 
YES SET EEJ.O 
INFO FLAG 
SET AUTO 
FUG 
BE.ND GEOM REPRESENTED ! OUTSIDE 
2 t;EUT R,\L .f.:J. I S 
3 INSIDE 
FALSE 
Figure 7.2, Unbe,zd and La}'OUt Flolv Chart 
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2 OR MORE POSSIBLE BENDS 
l SELECT SEAMS/WELDS 
2 INDICATE BEND EDGE 3 RESELECT SHEET 
1 2 
3 
SELECL-SEAM/WELD SELECT BEND LINE 
Appendix 
SEAM \A/ELD MENU 
1 SPECIFY MORE SEAMS/WELDS SET RETURN FLAG 2 8EJECT LAST SEAM/WELD 3 ACCEPT SEAMS/WELDS 
2 
REMOVE LAST 
SEAM/WELD 
1 3- • 
FIND COLINEAR EDGES 
MAKE OTHERS SEAMS/WELDS 
RETURN 
Figure 7.3, 2 or More Possible Bends F/o)v Chart 
126 
Advanced Sheet Metal Flat Pattern Layout 
SELECT BEND TO MODIFY 
• 
CHOOSE BEND MOD OPTION l ANGLE OR INSIDE RADIUS 2 NEUTRAL AXIS LOCATION 
1 
ENTER BEND INFO 1 INSIDE RADiUS 2 ANGLE 
2 
BENO GEOM REPRESENTED 1 OUTSIDE 
2 NEUTRAL AXIS 3 INSiDE 
Figure 7.4, Afodi/)1 Bend Flov; Chart 
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CALC BEND ALLOWANCE l SINGLE BEND 
2 f.LL BENDS 
3 GRAPHIC UPOA~ 
,, 
1 2 
ALL BENDS 
SELECTED 
SELECT BENO 
CALCULATES AND 
DISPLAYS THE 
VALUES 
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X-AXIS ORIENTATION 
TRANSFORM ALL 
• GEOMETRY SO THAT 
THE NORMALS ARE IN 
THE Z DIRECTION 
LOOPS THRU ALL 
BENDS AND TRANSFORMS 
THE SHEETS ACCORDINGLY 
r , 
\ 
Figure 7.5, Orie11t a11d UGI! Out Flow Chart 
7 .4 Subroutine Calls 
The fallowing section of the Appendix is presented for use by someone who 
may do further development or modification to the Sheet Metal Flat Pattern Layout 
application program. The text describes each subroutine's arguments. 
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7 .4.1 Data Base Routines 
To correspond with the added sheet edge entity, data base management 
-routines for addition, deletion, retrieval and modification of the entity were 
added. The ZINIT.FOR data base initialization subroutine was modified to 
include the new entity. Take note that the subsequent sub-sections use the 
fallowing designation. 
IN integer*4 
RE real 
I input 
0 output 
7 .4.1.1 Add Sl1eet Edge 
CALL ADD_SHEDG(IPTl ,IPT2 ,ISURFl ,1SURF2 ,ISEAM,IENT ,IPNTR) 
Adds sheet edge to data base. 
Parameters: 
IPTl: 
IPT2: 
Pointer to the endpoint I (IN,I) 
Pointer to the endpoint 2 (IN ,I) 
' 
ISURFl: Pointer of the surface I to \vhich the sheet edge belongs (IN,I) 
1SURF2: Pointer of the surf ace 2 to which the sheet edge belongs (IN ,I) 
1SEA~1: Pointer to the attached surface (IN ,I) 
IENT: Pointer to edge entity (IN ,I) 
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IPNTR: Pointer to the edge added (IN ,0) 
7 .4 .1.2 Delete Sheet Edge 
CALL DEL_SHEDG(ITEMNO) 
Removes sheet edge from data base. 
Parameters: 
ITEMNO: Pointer to entity to be deleted (IN ,I) 
7 .4 .1.3 Get Sheet Edge 
Appendix 
CALL GET_· SHEDG(Xl, Yl ,z 1,X2, Y2 ,Z2 ,IPTl ,IPT2 ,1SURF1 ,1SURF2, 
IENT ,IBNUM,INU AX,ISEAI\1,RAD,ANG ,IETYP ,LABEL ,IPNTR, I FLAG) 
Retrieves sheet edge from data base. 
Parameters: 
Xl: 
Yl: Coordinates of endpoint 1 (RE,O) 
Zl: 
X2: 
Y2: Coordinates of endpoint 2 (RE,0) 
Z2: 
IPTl: Pointer to the endpoint 1 (IN,O) 
IPT2: Pointer to the endpoint 2 (IN,0) 
ISURFl: Pointer of the surface 1 to which the sheet edge belongs (IN~O) 
ISURF2: Pointer of the surface 2 to which the sheet edge belongs (IN,0) 
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JENT: Pointer to edge entity (IN ,0) 
IBNUM: Bend existence number (IN ,0) 
If O no bend 
If 1-? sequential bend number 
i 
\ 
INUAX: Type of bend geometry represented (IN ,0) 
If -1 inside 
If O neutral axis 
If + 1 outside 
ISEAf\1: Pointer to attached sheet (IN,0) 
If IBNUM is O and ISEAM is not 0, seam or weld 
If IBNUM is not O and ISEAM is not 0, bend sheet 
RAD: Radius of bend (RE,O) 
ANG: Angle of bend (RE,O) 
IETYP: Type of edge entity (IN,0) 
LABEL: Unique label of the point (IN,I or 0) 
If IFLAG is O or -1, output 
If IFLAG is I, input 
IPNTR: Pointer to the entity (IN,I or 0) 
If IFLAG is 0, input 
If IFLAG is -1 or 1, output 
Appendix 
IFLAG: Determines the key according to which the search is 
done (IN,I) 
If -1, search will be done in a loop. Loop should be 
terminated when IPNTR is equal to -1 
If I, search will be done according to the LABEL, 
the ref ore a label should be inputted. If IPNTR returns 
-1 after the routine is called, this indicates that the label 
couldn't be found under the type. 
If 0, search will be done according to the pointer, 
therefore a value should be inputted in IPNTR. If 
IPNTR is inputted as a variable with a value, either tl1e 
inputted value returns or a -1 returns to indicate that 
tJ1e t:ype of the pointed entity does not match. 
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7 .4.1.4 Modify Sheet Edge 
.. 
CALL MOD_SHEDG(IPTl ,IPT2,1SURF1 ,1SURF2,IENT, 
IBNUM,INUAX,ISEAM,RAD,ANG,LABEL,IPNTR) 
Modifies sheet edge in data base. 
Parameters: 
IPTl: Pointer to the endpoint 1 (IN ,I) 
IPT2: Pointer to the endpoint 2 (IN,I) 
Appendix 
ISURFl: Pointer of the surface 1 to which the sheet edge belongs 
(IN,I) ~ 
1SURF2: Pointer of the surf ace 2 to which the sheet edge belongs 
(IN ,I) 
IENT: Pointer to edge entity (IN,I) 
IBNUM: Bend existence number (IN,I) 
If O no bend 
If 1-? sequential bend number 
INUAX: Type of bend geometry represented (IN,I) 
If -1 inside 
If O neutral axis 
If + 1 outside 
ISEAM: Pointer to attached sheet (IN,I) 
If IBNUM is O and !SEAM is not 0, seam or weld 
If IBNUM is not O and ISEAM is not 0, bend sheet 
RAD: Radius of bend (RE,I) 
ANG: Angle of bend (RE,I) ··J 
LABEL: Unique label of the point (IN,I) 
IPNTR: Pointer to the entity (IN,I) 
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Take note that the subsequent sub-sections use the following designation. 
IN integer*4 
INT integer*2 
RE real 
L logical*2 
B byte 
I input 
0 output 
7 .4.2.1 Absolute Orient 
CALL ABSORIENT(XX,XY,XZ,YX,\7 Y,YZ) 
Used by UGII_OUT subroutine to fill the transformation matrix for 
transposing the given coordinates. 
Parameters: 
XX: 
XY: X axis normal (RE,I) 
XZ: 
YX: 
YY: Y axis normal (RE,I) 
YZ: 
7 .4.2.2 Add Seams/\Velds 
CALL FP_ADDSEAI\1S(NP,JSl\1EDG,NSEA~1S,C\V,IV) 
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Used to add seams or welds. 
Parameters: 
NP: Pointer to selected polygon (IN ,I) 
JSMEDG: Array containing seam edge pointers (IN,I) 
NSEAMS: Number of seam edge pointers (INT,I) 
If ·O, selection interactive 
If positive, edges in JSMEDG become seams 
C\V: Clip window flag (L,I) 
IV: View number (INT,I) 
7 .4 .2 .3 All Colinear Lines 
CALL FP_ALLCOLIN(IBEND,NBC) 
Tests input edges for colinearity. 
Parameters: 
IBEND: 
NBC: 
Array containing possible colinear edges (IN ,I) 
Input number of edges in IBEND (INT,I and 0) 
If O when returned, edges are not colinear 
7 .4.2.4 Allowance Calculation 
CALL FP_ALLOW(C\V,IV) 
Graphical update of bend allowance. 
Parameters: 
C\V: Clip window flag (L,I) 
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IV: View number (INT,I) 
7 .4.2.5 Bend Allowance 
CALL FP_BDALL(C\V,IV) 
Preforms bend allowance calculations. (Main menu option) 
Parameters: 
CW: Clip window flag (L,I) 
IV: View number (INT,I) 
7 .4.2.6 Done 
CALL FP DONE 
Checks for lay out completion. 
7.4.2.7 Draw Sheet 
CALL FP_DRWSHT(POL YGN ,NL,CHECK,C\V ,IV) 
Draws a sheet in original colors or white. 
Parameters: ... , 
P'OL YGN: Array of pol)1gon edges (IN,I) 
NL: Number of edges in polygon (IN ,I) 
CHECK: Flag for color (L,I) 
If .true, white 
If false, original colors 
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CW: Clip window flag (L,I) 
IV: View number (INT,I) 
7 .4.2.8 Draw Sheet Edge 
CALL DR\V_SHEDG(IPNTR,IENT ,IETYP ,ICOL,C\V ,IV) 
Draws a sheet edge in specified color. 
Parameters: 
IPNTR: Pointer to sheet edge (IN,I) 
IENT: Pointer to sheet edge geometric entity (IN,I) 
IETYP: Sheet edge entity type (IN,I) 
ICOL: Color to draw sh~et edge (IN ,I) 
"\ 
. ' 
CW: Clip window flag (L,I) 
IV: View number (INT,I) 
7 .4.2.9 Erase Sheet 
.·~·· 
CALL ERASHT(POL YGN,NL,C\V,IV) 
Erases the display of a sheet. 
Parameters: 
POLYGN: Array of polygon edges (IN,I) 
NL: Number of edges in polygon (IN,I) 
CW: Clip window flag (L,I) 
IV: View number (INT,I) 
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7.4.2.10 Find Colinear Line 
CALL FP_FNDCLIN(TSTLIN,LINES~NCL) 
Tests for lines co linear to a given line. 
Parameters: 
TSTLIN: Line to test against for colinearity (IN ,I) 
LINES: Array of sheet edge lines (IN,I and 0) 
Input, test lines 
Output, lines colinear to test line 
NCL: Number of elements in LINES (INT,I and 0) 
7 .4.2.11 Global Parameters 
CALL GLOBPAR(FLAG) 
Initializes global parameters in teracti vel y. 
Parameters: 
FLAG: Defaults flag (L,I) 
If true, use defaults 
If false, use previously set values as defaults 
7 .. 4.2.12 Modify Bend 
CALL FP _f\,10DBEND(C\V,IV) 
Interactively changes bend information. (Main menu option) 
Parameters: 
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C\V: Clip window flag (L,I) 
IV: View number (INT,I) 
7 .4.2.13 Maximum 1"1inimum Box 
CALL FP 1"1XMN 
Updates the viewing maximum and minimum box. 
7.4.2.14 Pick Bend 
CALL FP_PCKBEND(NP ,NNN ,C\V ,IV ,LINES) 
Creates default seams or welds by choosing a bend line. 
Parameters: 
NP: 
NNN: 
CW: 
IV: 
LINES: 
Pointer to selected polygon (IN ,I) 
Nurr1ber of possible bends in LINES (INT,I) 
Clip window flag (L,I) 
View number (INT,I) 
Array of pointers to possible bend edges (IN ,I) 
7 .4.2.15 Pick Sheet 
CALL FP_PICKSHT(NSHT,Cl,C\V,IV) 
Interactively selects a sheet by two lines. 
Parameters: 
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NSHT: 
Cl: 
CW: 
Pointer to selected polygon (IN,0) 
Key selectec-1 (B,0) 
Clip window flag (L,I) 
IV: View number (INT,I) 
7.4.2.16 Picture 
CALL PICTUR(C\V,IV,ISW) 
Draws the picture of the data base geometry. 
Parameters: 
C\V: Clip window flag (L,I) 
IV: View number (IN1"',I) 
ISW: Surface edge mark flag (INT,I) 
If 0, no SEM 
If I, draw SEM 
7 .4.2.17 Read Generic File 
CALL FP_RDGEN(IRET) 
Reads Polygon.LU generic files converting edges to sheet edges. 
Parameters: 
IRET: Return status (INT,I) 
If 0, successful 
If -1, unsuccessful direct return 
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7 .4.2.18 Read Generic File Interface 
CALL FP _RDPGEN(IOPT) 
Handles filename input for FP_RDGEN. 
Parameters: 
IOPT: Return status (INT,I) 
If 0, successful 
If -1, unsuccessful 
7.4.2.19 Rotate Axis 
CALL ROT_AXIS(Xl, Yl ,Zl ,X2, Y2,Z2,R) 
Appendix 
Establishes common transformation matrix for a rotation about an axis. 
Parameters: 
Xl: 
Yl: Endpoint 1 of axis (RE,I) 
Zl: 
X2: 
Y2: Endpoint 2 of axis (RE,I) 
Z2: 
R: Angle of Rotation in radians (RE,I) 
7 .4.2.20 Subroutine of Flat Pattern 
CALL FP_SUB(IV,C\V,IRET) 
Main menu and process of program. 
Parameters: 
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IV: 
CW: 
IRET: 
View number (INT,I) 
Clip window flag (L,I) 
Returns file terminate switch (INT,I) 
If 0, no SEM 
If I, draw SEM 
7 .4.2.21 Transform 
CALL TRANSFORI\1(X,Y,Z) 
Uses common transformation matrix t~,1ransform input point. 
~ 
Parameters: 
X: 
Y: Transform point (RE,I and 0) 
Z: 
7 .4.2.22 Translate 
CALL TRANSLA TE(TX, TY, TZ) 
Establishes common transformation matrix for translation. 
Parameters: 
TX: 
TY: Translation vector (RE,I) 
TZ: 
7 .4.2.23 Unigraphics II Output 
CALL FP UGIIOUT 
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Outputs flat pattern geometry to Unigraphics II. (Main menu option) 
7 .4.2.24 Unbend 
CALL FP_UNBEND(C\V,IV) 
Interactively develops flat pattern. (Main menu option) 
Parameters: 
CW: Clip window flag (L,I) 
IV: View number (INT,I) 
.7.4.2.25 XY Plane Orient 
CALL FP_XYPLANE(CW,IV) 
·--t-
Orients flat pattern geometry in XY plane. (Main menu option) 
Parameters: 
C\V: Clip window flag (L,I) 
IV: View number (INT,I) 
7 .5 Common Blocks 
This section of the Appendix presents a list of the common blocks used by the 
Sheet Metal Flat Pattern Layout software, a description of their arguments and the 
required modifications to the existing data base common blocks. 
( 
Advanced Sheet Metal Flat Pattern Layout 
7.5.1 Added Common Blocks 
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I 
1\ppendix 
COMMON /GLOBPRM/l~HICK .. HARD, MINRA D, NOBENDS, IFL AT. I BDALLO\V 
Parameters: 
THICK: 
HARD: 
MINRAD: 
NOBENDS: 
IFLAT: 
Decimal equivalent of sheet metal gage 
Relative neutral axis location determined by the material 
hardness l 
Minimum inside bend radius producible 
Number of currently existing bends 
Flag indicates when the part has been completely laid 
out 
If 0, incomplete 
If 1, complete 
IBDALLOW: Flag indicates when the data base has been changed by 
the bend allowance 
If 0, no bend allowance change 
If I, bend allowance change to data base 
COMMON/TRMAT/T(l6) 
Parameters: 
T( 16): An array containing the current transformation matrix 
for bending, bend allow and geometry orientation 
transformations 
.~ 
COMMON /SHEDG /KNPT 1,KNPT2,KSHT l ,KSHT2,KENTP ,KBNUM,KNU AX, 
KSEAM,KIRAD,KANG L,LABSHE, LSHEBD, TSHEDG ,SHEPTR 
Parameters: 
.. 
KNPT I: Sheet edge offset pointer for endpoint 1 pointer 
KNPT2: for endpoint 2 pointer 
KSHTI: for sheet 1 pointer 
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KSHT2: 
KENTP: 
KBNUM: 
KNUAX: 
KSEAM: 
KIRAD: 
KANGL: 
LABSHE: 
LSHEBD: 
TSHEDG: 
SHEPTR: 
for sheet 2 pointer 
for entity pointer 
for bend number 
for type of bend geometr)' represented 
for attached sheet pointer 
for inside bend radius 
for bend angle 
sheet edge label 
length of sheet edge bead 
sheet edge type number 
sheet edge pointer 
7.5.2 Modified Data Base Common Block 
1\ppendix 
COMMON/NUMENT/NENTY,NPOINT,NLINE,NARC,NOCON,NSPLIN,NCSYS, 
NEDGE,NSPHER,NCONE,NTBCYL,NCYLIN,NSUREV,NRLSUR, 
NBPLAN,NPOLGN,NDIMEN,NSHEDG 
Added Parameter: 
NSHEDG: current number of sheet edges 
.. 
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Robert Alan Reich 
On the nineteenth of October nineteen hundred sixty three, mv existence began in 
the Pennsylvania Dutch County of Lebanon, Pennsylvania~ thanks to n1 y parents fv1r. anc.i 
Mrs. Richard Reich. It was in this county that I grew up and lived most of n1y I if e. I 11 
preparation for college, I attended Annville-Cleona High School. \Vhile developing skills 
in mechanical and technical drawing in high school, I became interested in mechanical 
engineering. During a graduation awards assembly, I received a Bausch and Lomb 
science award and math team awards. 
With the recommendation of my uncle, I decided to apply to Lehigh University's 
Engineering College for my higher education. Lehigh accepted my application by \vay 
of their early decision policy, and in the fall of 1982 I started as a Freshman at Lehigh. 
Because of my previous interest in Mechanical Engineering, I chose it as my major field 
of study. After having exposure to Computer Aided Design in my Sophomore >rear, I 
knew that it was the area in which I eventually wanted to concentrate. 
During the summer between my Sophomore and Junior years, I worked at 
Ingersoll-Rand in their Computer Aided Design facility. While employed there, I did 
drafting and programming using the Applicon Bravo Computer Graphics System. I 
In the following spring Semester, I took the Mechanical Engineering Department's 
upper level Computer Aided Design class in which the students programmed in Fortran 
on the VAX and~ learned SDRC's solid modeler, IDEAS, and McDonnell Douglass' 
Unigraphics wireframe modeler. 
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As an undergraduate, I was elected a member of Pi Tau Sigma, Tau I3eta Pi, and 
Phi Eta Sigma, academic honor Societies. At graduation I received the Andrew \Vilson 
Knecht III award for the practical application of engineering theory. I also was granted 
a university Byllesby fellowship for my graduate studies. 
Upon undergraduate graduation I began my studies for a Master of Science in 
Mechanical Engineering with a concentration in Computer Aided Design and analysis. I 
had two separate finite element courses including an independent study using ANSYS. I 
also took Advanced Computer Aided Design, to which I owe the most for the ability to 
complete my Advanced Flat Pattern Layout and Development program. During this time 
I received an award for outstanding fifth year student at Lehigh called the Elizabeth 
Major Nevius Award. 
After completion of my Master of Science degree requirements, I plan to work in 
the area for Lehigh Valley Computer Services, Inc. 
146 
,, 
